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ABSTRACT 
Just like shifting gears on a bicycle, multiple gears on a manual wheelchair can make it easier to 
complete many tasks of daily living.  We developed an automatic gear-shifting system (AGS) for 
manually propelled wheelchairs. The AGS has three speeds – first gear: for ascending slopes or 
traversing compliant surfaces, second gear: traditional direct-drive for everyday situations, and 
third gear: for improved ergonomics during fast propulsion.  The AGS is packaged as an add-on 
set of two wheelchair wheels (each with its own 3-speed transmission connecting the hand rim 
and tire) and onboard electronics for gear shifting. A previous gear shifting design for manual 
wheelchairs (Magic Wheels, Magic Wheels, Inc.; Seattle, Washington), required the user to stop 
completely and manually shift gears, whereas the AGS can shift on the fly automatically. The 
Magic Wheels device was shown to significantly reduce the level of shoulder pain when used for 
long periods of time, so it is likely that the AGS can provide the same benefit but with increased 
usability. A prototype of the AGS was constructed and tested over the course of a year.  
Although many mechanical and electrical components experienced a number of issues, each was 
analyzed and redesigned.  At the very least, clear guidelines were provided for future 
development. Additionally, a study was done to evaluate the AGS’s usability by assessing user 
perception of the AGS ability to reduce the effort of propelling a wheelchair.  This study also 
documented changes in wheelchair propulsion metrics including task completion time, number 
of pushes, and push frequency. Eleven fulltime manual wheelchair users (ages 34 ± 14 years) 
were recruited to compare the AGS to a traditional direct-drive configuration and rate their level 
of perceived exertion while completing 10 tasks of daily living.  Nine participants perceived the 
AGS as easier for at least one task of daily living, and four participants rated the AGS as easier 
to use for more than half of the tasks. Subjects perceived a significant advantage when traversing 
iii 
 
up a steep slope and crossing an uneven doorway threshold.  Interestingly, subjects with less 
trunk control (higher spinal cord injuries) consistently rated the AGS configuration more 
favorable than subjects with more trunk control. Although the low gear increased the time and 
number of pushes to complete a task, the AGS did not increase the push frequency of wheelchair 
propulsion which suggests that the design encourages optimal propulsion strategies.  Gear-
shifting may be an effective option for making wheelchair propulsion easier, especially for 
individuals with reduced trunk function.  
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CHAPTER 1: INTRODUCTION 
ABSTRACT 
Within the United States, there are approximately 1.5 million people who use manual 
wheelchairs in daily life. The unfortunate reality is that a wheelchair user must rely heavily on 
his or her arms, which causes severe repetitive strains on the ligaments and musculature of the 
shoulders. This overuse is likely the reason that up to 70% of all wheelchair users report shoulder 
pain. Shoulder pain can lead to difficulty performing many tasks of daily living and generally 
reduce the quality of life. Therefore it is imperative to develop therapies and technologies which 
can reduce the incidence and severity of shoulder pain. The designs of wheelchairs have changed 
to use electric motors, reduce in weight, and even use levers to increase the ergonomics. 
However, gearing in wheelchairs has shown potential to address this pressing health problem. 
The authors have developed the automatic gear-shifting system (AGS) for manually propelled 
wheelchairs. Similar to the way one shifts gears on a bicycle, shifting gears on a manual 
wheelchair can make it easier to accomplish many tasks of daily living. The general outline of 
this thesis is to present literature review of technologies which have attempted to make 
wheelchair propulsion easier, followed by a technical review of the AGS and its 
mechanical/electrical reliability. Finally, we will present a study on the usability of the AGS for 
manual wheelchair users. By completing this work, we will have evaluated the current prototype 
of the AGS and provided guidance for future direction of geared wheelchairs. 
1.1. ISSUES IN WHEELCHAIR USE 
Although regulations such as the Americans with Disabilities Act have done much for those with 
a disability, life in a wheelchair still provides its own set of challenges unique to this 
demographic. Constant overuse of the shoulder joint can lead to injuries and pain that can limit 
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the mobility options for many wheelchair users. This literature review will start by investigating 
the number of wheelchair users in this country and the problems they face, and then move on to 
technologies which have sought to address some of these issues. Finally, it will investigate many 
of the methodologies used to evaluate these technologies in preparation to evaluate the automatic 
gear-shifting system (AGS) for manually propelled wheelchairs developed by the authors. By 
fully evaluating the AGS, it is our goal to provide meaningful guidance for future development 
of gear-shifting wheelchairs. 
1.1.1. Number of Wheelchair Users 
The number of wheelchair users in the U.S. appears to always be growing. Even though the 
population of Americans grew only 13% from 1980 to 1990, the number of those using 
wheelchairs nearly doubled during that same time period [1]. A study published in 2000, which 
relies on data from the mid-1990s, estimates that there are 1.7 million wheelchair users in the 
U.S. (1.5 million manual wheelchair users, and 0.2 million power wheelchair users) [2]. 
However data published by the U.S. Census Bureau in 2002, indicates that there are 2.7 million 
wheelchair users in the United States [3]. Another study published in 2008 cites the same 2002 
census data, but it indicates that there are 2.2 million people who use a wheelchair (1.5 million 
manual wheelchair users, 0.7 power wheelchair/scooter users) [4]. It can be reasonably deduced 
from these three sources that there are approximately 1.5 million people using a manual 
wheelchair within the United States.  
There are many reasons for use of a wheelchair including spinal cord injury, cerebral palsy, spina 
bifida, and lower limb amputation which affect all age groups. Table 1.1 shows the most 
common health conditions and impairments causing disability among wheelchair users [2]. 
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Worldwide, the number of people who need wheelchairs is estimated to be 100-130 million 
people, though less than 10% of them have access to one [5]. This huge shortage has lead to the 
development of many not-for-profit groups including Wheels for the World (Agoura Hills, 
California, USA), Whirlwind Wheelchair (San Francisco, California, USA), and Transitions 
Foundation (Miami Springs, Florida, USA); all of which seek to get wheelchairs to the 
developing nations where they are in short supply. While it may seem that the rest of the work 
presented in this thesis may focus primarily on wheelchair users within the U.S., we view our 
efforts as part of the larger movement to address this global problem. It has been pointed out by 
experts that there is a need to make wheelchairs safer, more effective, and more widely available  
[4, 6, 7]. Our contribution will be in the field of making wheelchairs more effective and safer by 
developing and evaluating newer and better technologies. 
1.1.2. Shoulder Pain – Prevalence and Severity  
Repetitive overloading of any joint can lead to injury and pain, which explains why shoulder 
pain in wheelchair users is primarily thought to be the result of overuse of the upper limbs [8, 9 
10]. It is likely that the increased magnitudes of the loadings to the upper limbs of wheelchair 
users could lead to higher amounts of pain. This was observed when researchers first developed 
the wheelchair user shoulder pain index (WUSPI) [11]. For example, by using this 15-item index 
where subjects rate their level of pain and impact on function with a 10 cm visual analog scale, 
researchers found that shoulder pain was most severe when wheeling up an incline or outdoor 
surfaces, when lifting an object from an overhead shelf, when trying to sleep, when transferring 
into the wheelchair. With the exception of trying to sleep, all of these tasks require higher force 
output than regular wheelchair ambulation which suggests that higher forces from the shoulders 
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leads to higher amounts of pain. The WUSPI is now one of the most widely used ways of 
studying shoulder pain in wheelchair users because of its high internal consistency. 
In a survey of 92 manual wheelchair users with tetraplegia and 103 with paraplegia, it was found 
that 59% of those with tetraplegia and 42% of those with paraplegia were experiencing shoulder 
pain at the time of the study [12]. It is clear from these statistics, that a significant amount of 
wheelchair users deal with this issue. The study goes on to investigate the severity of shoulder 
pain by asking subjects to rate their level of pain on the WUSPI, and it was found that those with 
tetraplegia experienced higher severity of pain. Conclusions from this can be drawn that those 
with higher spinal cord injuries (i.e., tetraplegia as opposed to paraplegia) experience both a 
higher prevalence and intensity of shoulder pain, and therefore should receive greater efforts to 
monitor their shoulder pain. 
A similar study surveyed 703 veterans with spinal cord injuries between the levels between T2 
and L2, and found that 69% were experiencing shoulder pain at the time of the survey and 81% 
reported some level of ongoing upper limb pain [13]. Shoulder pain was most severe during 
wheelchair ambulation, which suggests that shoulder pain may inhibit daily life when using a 
wheelchair. Higher levels of duration of wheelchair use modestly correlated to shoulder pain 
prevalence and intensity, though age did not. This last finding has been confirmed by at least one 
other study [14]. 
It is clear that using a wheelchair for more years puts one at a higher risk for shoulder pain, but it 
can also arrive very quickly at the beginning of wheelchair use. A study of 60 people who had 
recently had a spinal cord injury showed that 78% of quadriplegics and 35% of paraplegics had 
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pain in the first six months of wheelchair use [15]. Eighteen months post-injury, this dropped to 
33% of the quadriplegics and 35% or the paraplegics experiencing shoulder pain. It is likely that 
shoulder pain appears early in the use of a wheelchair with a period of reduced pain beginning 
12-18 months later, followed by again increased pain years later in life. 
Another study surveyed 63 wheelchair users with spinal cord injury and found that 70% were 
experiencing shoulder pain at the time of the survey [16]. Similar to the findings of Curtis et al. 
[12], those with tetraplegia experienced a higher prevalence of shoulder pain (80%) than the 
general population. Previous shoulder injuries increased the likelihood of current shoulder pain, 
though body mass index did not. 
Many of these results are supported by a literature review conducted by Dyson-Hudsen and 
Kirshblum [17]. They also found that shoulder pain occurs more frequently in wheelchair users 
with higher spinal cord injury. Additionally, increased risk factors were found to include, 
imbalances in the rotator cuff and scapular stabilizing muscles, decreased flexibility, poor seated 
posture, higher body mass index, older age, and duration of injury.  
To summarize the results from the studies in this section,  
 Depending on the population studied, anywhere from 42% to 80% of manual wheelchair 
users may experience shoulder pain at any given point in time [1, 2, 3, 4]. Within the U.S, 
this is anywhere from 630,000 to 1,200,000 people [3].  
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 Shoulder pain tends to appear within the first six months of wheelchair use with a period 
of reduced pain beginning 12-18 months later, followed by again increased pain years 
later in life [15]. 
 Longer duration of wheelchair use and previous shoulder injuries correlate to higher 
levels of shoulder pain [14, 17]. 
 Those with higher spinal cord injuries are more likely to experience higher prevalence 
and severity of shoulder pain [13, 15, 16, 17]. 
 Shoulder pain appears to be more severe when doing tasks requiring high force output 
from the upper limbs [11].Therefore we can hypothesize that lowering the force 
requirement from wheelchair users could reduce the severity and prevalence of shoulder 
pain. 
It is clear from these studies that a very large number of people experience shoulder pain, and 
some of the correlations with this. The next section will discuss the implications of should pain 
in daily life. 
1.1.3. Shoulder pain – Implications on daily life 
Shoulder pain in manual wheelchair users has been directly linked to further disability including 
difficulty performing activities of daily living [18]. Similarly, another study found that 
wheelchair users experienced higher levels of pain while performing activities like bathing, and 
transferring to a wheelchair from a tub, lifting objects from higher shelves, and even trying to 
sleep [12]. 
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A study done by Gutierrez et al. surveying 80 manual wheelchair users correlated shoulder pain 
(using the WUSPI) to subjective quality of life, physical activity levels, and community activities 
[19]. The results showed that increased levels of shoulder pain reported in the WUSPI did not 
correlate to involvement in community activities, but it did correlate to lower quality of life and 
reduced physical activity. This study suggests that efforts to decrease the prevalence and severity 
of shoulder pain for wheelchair users would improve quality of life and increase physical 
activity. 
Another study reported similar results. A survey of 52 men with paraplegia found that shoulder 
pain was experienced by a majority of wheelchair users when conducting different daily living 
tasks including mobility tasks, self-care tasks, and general activities [14]. Subjects experienced 
the most pain while working, sleeping, transferring between wheelchairs, outdoor wheelchair 
ambulation, and driving.  
These studies all demonstrate how shoulder pain can cause adverse effects in quality of life, 
physical activity, and tasks of daily living. There are many wheelchair technologies which have 
been developed to combat these effects. From here on, this chapter will focus on these devices 
and how they have been evaluated. 
1.2. PREVIOUS TECHNOLOGIES 
Over the years, manual wheelchairs have evolved drastically in the fields of ergonomics, control, 
weight, intelligence, and power. This section, and subsections, will attempt to elaborate on many 
of these devices. 
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1.2.1. Manual Wheelchairs – Standard Depot Wheelchairs and the Evolution to Ultralight 
For many years, standard depot-style wheelchairs have been the tool of choice for mobility 
options. Now they are typically seen in healthcare settings including nursing homes, assisted 
living facilities, and hospitals. Depot Style wheelchairs are non-adjustable and relatively heavy 
(15.4 to 19 kg), but they are often times the lowest cost choice for a new or temporary 
wheelchair user. Another advantage of these is that they are foldable so that they can easily be 
loaded in a car. 
Lighter weight wheelchairs have the potential to make propulsion easier by decreasing the 
overall weight that the user has to push, consequently reducing the force placed on the shoulders. 
This is why a study of 74 wheelchair users, ultralight wheelchairs allowed wheelchair users to 
propel faster, further, and with less energy as indicated by a lower rate of VO2 consumption [20]. 
In addition to energy savings, the added adjustability and customizability of ultralight 
wheelchairs can increase comfort and ergonomics compared to standard wheelchairs. This effect 
was shown in a study of 30 manual wheelchair users evaluating 7 different manual wheelchairs 
over activities of daily living in an obstacle course [21]. 
Not all studies show that ultralight wheelchairs are better for wheelchair ambulation. In a study 
of 60 healthy adults who were asked to complete a community obstacle course, no significant 
differences were found in veering errors, time to complete, and rated perceived exertion between 
the use of Depot style and ultralight chairs [22].  
Aside from becoming lighter, manual wheelchairs have come a long way in innovations. When 
using test dummies and an instrumented wheelchair, researchers found a significant reduction in 
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peak acceleration in a wheelchair equipped with suspension traveling over bumps [23]. In 
layman’s terms, this can reduce the shock and vibration exposure to a wheelchair user. Even 
simple things like a more ergonomic hand rim design has been shown to reduce pain in the upper 
extremities, ease wheelchair propulsion, and increase functional status [24]. 
Even with all of these improvements to the basic manual wheelchair, levels of shoulder pain still 
reside at unacceptably high levels. There is greater need to go beyond the traditional design of a 
manual wheelchair. The following sections will explain the positive and negative effects of more 
drastic redesigns of wheelchairs. 
1.2.2. Powered Wheelchairs 
Powered wheelchairs have long since been the only option for those experiencing difficulty 
propelling a manual wheelchair. There are approximately 700,000 people in the U.S. who rely on 
these devices every day [4]. Clearly, the use of a powered wheelchair completely takes away all 
strain on the shoulders and reduces shoulder pain due to propulsion. However, powered 
wheelchairs may not be the correct option for people experiencing only moderate difficulty 
pushing a wheelchair. Powered wheelchairs are expensive, heavy, require special vans and lifts, 
have limited use duration due to battery life, provide little flexibility for persons who are capable 
of manually propelling their own chair, and contribute to reduced physical fitness due to limited 
upper body movement [25]. Therefore, there is a great need for devices for the many wheelchair 
users who experience difficulty or pain while pushing a standard wheelchair, but are not 
interested in transitioning into a power wheelchair. The rest of the technologies presented in this 
literature review are devices which bridge the gap between powered and manual wheelchairs. 
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1.2.3. Push-rim Activated Power Assist Wheels 
Push-rim activated power assist wheelchairs (PAPAWs) combine the mobility and adaptability 
of manual wheelchairs with minimal exertion required to use a power wheelchair. The 
wheelchair user controls this just like a regular manual wheelchair, a large electric motor at the 
hub of each wheel assists the wheelchair user to push forward. On many models, the amount of 
assistance can be varied to the individual wheelchair user’s needs, and it can also use software to 
simulate inertia allowing the wheels to coast between strokes, compensate for discrepancies in 
friction, and provide automatic braking when going downhill. 
In a three phase study composing of compliance testing, evaluation of energetics of wheelchair 
propulsion, and ergonomic testing, the PAPAW in question scored quite well in all three 
categories [26]. The PAPAW was found to be compliant with wheelchair standards, it reduced 
the energy demand required from wheelchair users (in the form of VO2 consumption rate), and 
subjects rated its ergonomics favorably when compared with their personal wheelchair. These 
results are supported by more recent studies which also found that a PAPAW lowers the energy 
cost of propulsion (in the form of VO2 consumption rate), heart rate, and rating of perceived 
exertion [27, 28]. 
Other studies have taken a different approach to evaluating these devices. It was observed that 
PAPAWs can significantly decrease the electyomyographic activity in the shoulder muscles [29]. 
By using data loggers and questionnaires, researchers were able to show that PAPAWs can 
increase the speed the wheelchair users travel but they do not significantly alter community 
participation, psychosocial impacts, and general satisfaction in comparison to a standard 
wheelchair [30]. Another study showed that PAPAWs can improve the function of activities of 
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daily living by having participants rate the ease of each task in a standard wheelchair versus a 
PAPAW [31]. 
PAPAWs clearly make it easier to push a wheelchair; however they do this at a cost to the 
wheelchair user. In order to aid the wheelchair user, PAPAWs must draw energy from a large 
battery which makes the wheelchair much heavier. On average this is 24 kg in addition to the 
weight of the wheelchair [27], which can make the wheelchair more difficult to maneuver and 
load into a car. More work is needed to make these devices low weight so that anyone can use 
them easily. The next two sections will talk about devices which use no heavy batteries to assist 
the wheelchair user, but rather mechanical advantage. 
1.2.4. Lever Wheelchairs 
Lever operated wheelchairs are an innovative way to utilize a more ergonomic rowing motion 
from the wheelchair user. A study using electromyography reported significant decreases in 
some muscle activity while using a lever wheelchair on a stationary ergometer [32]. Other 
studies have shown that lever operated studies are more efficient and less energy consuming 
when compared to a conventional hand-rim wheelchair [33, 34].  
After 17 wheelchair users utilized a lever wheelchair prototype for two days, they rated this type 
of wheelchair as significantly superior in terms of comfort, safety, and overall satisfaction [35]. 
However subjects also reported less than favorable results in terms of size, adaptability, 
appearance, and crossing obstacles. It is clear from this study that control of the wheelchair is 
made more cognitively taxing by replacing the standard hand rims with more complicated brakes 
and levers. Additionally, the look, appearance, and size, which were ranked poorly, tend to come 
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into play when making any purchasing decision. These observations may explain why these 
devices have not reached widespread popularity. 
1.2.5. Geared Wheelchairs 
There is growing evidence that gear-shifting may be a lightweight, and intuitively usable way to 
address shoulder pain and difficulty pushing a wheelchair. In a 5 month intervention trial of a 2-
speed wheelchair with a second gear specifically catered for going uphill (Magic Wheels, Magic 
Wheels, Inc.; Seattle, Washington) subjects experienced a significant reduction in the severity of 
shoulder pain [36]. This study was conducted with 17 wheelchair users who used their own 
wheelchair for the first month, and then the Magic Wheels device for months 2-5 while charting 
their WUSPI scores. A limitation of the Magic Wheels device is that the user has to stop and 
manually shift into the other gear. This limits the number of people who can benefit from this 
device since users have to be cognizant of when to shift. Additionally, the design of the shifter is 
such that many MWCUs with a higher spinal cord injury and therefore reduced hand dexterity 
cannot use it. Finally, not being able to shift on the fly means that any energy stored as 
momentum must be wasted before a MWCU starts to climb an incline. 
Other studies investigated the muscle activity levels of wheelchair users while using geared 
wheelchairs. In a study of 13 healthy adults propelling a standard and geared wheelchair up a 
hill, peak EMG decreased on in the geared wheelchair, but integrated EMG increased. However 
both changes were statistically insignificant [37]. The findings hint at the reality of geared 
propulsion in that it requires less force and more time to get where you are going. A separate 
study used EMG to study the trunk muscle activity while using a geared wheelchair and found 
that a geared wheelchair decreased the peak activity of many trunk muscles [38]. These results 
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are very interesting because they show that particularly those with reduced trunk function might 
be able to greater benefit from a geared wheelchair. 
While gear shifting wheelchairs may come with some drawbacks, it never the less is a light-
weight and battery-free method of reducing shoulder pain in wheelchair users. It has been shown 
to reduce the peak force from the muscles and require less effort from the trunk muscles. It is 
apparent that gear shifting may be an appealing option if some of the minor flaws are corrected. 
1.3. EVALUATION METHODOLOGIES 
Of the new technologies that were presented in the sections above, there were many different 
ways to evaluate their effectiveness. Each one has its own strengths and weaknesses, and this 
section will attempt to provide a brief summary of each. 
1.3.1. Shoulder Pain Evaluation 
As shown by many different studies, shoulder pain can have a big impact on the health and 
quality of life of a wheelchair user [12, 14, 18, 19]. A common way to assess shoulder pain is the 
wheelchair user shoulder pain index (WUSPI). It consists of a 15-item index where subjects rate 
their level of pain and the impact on function on a 10 cm visual analog scale. The WUSPI has 
shown to have high internal consistency [11], and has been used in many studies include the 
evaluation of a gear shifting wheelchair [36]. 
1.3.2. Measures of Physiological Energetics 
In aerobic exercise, the rate of volume of oxygen (VO2) consumption is related to the amount of 
work the subject is performing. If the rate of VO2 consumption is measured, it can therefore be 
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used as a measure to evaluate the energetic requirements of pushing a wheelchair. Specifically 
this has been used a number of times to evaluate PAPAWs [26, 27, 28], and the difference 
between ultralight and standard wheelchairs [20]. This measure is often times paired with heart 
rate monitoring to serve as a secondary measure.  
1.3.3. Rating of Perceived Exertion 
When it is desirable to measure the amount or intensity of work, but energetics are not available, 
researchers often times use the Borg Rating of Perceived Exertion (RPE) scale. The RPE is a 
scale on which subjects rate their level of perceived exertion on a 6-20 numerical scale [39]. The 
Borg RPE study has been validated many times and is a generally accepted measure of perceived 
exertion [40]. This has been used in many studies including those evaluating the difference 
between ultralight wheelchairs and standard wheelchairs [22], and PAPAWs [27]. 
1.3.4. Electromyography 
Electromyography (EMG) measures the small electrical voltage differences that appear when a 
muscle is contracted. In general the amplitude of this signal can be used to compare the muscle 
activation level when performing one task versus other tasks. This has successfully be applied to 
the evaluation of PAPAWS [29], lever wheelchairs [32], and geared wheelchairs [37, 38, 41]. 
1.3.5. Usability 
Other methods attempt to evaluate wheelchair usability in the real world. The theory is that a 
wheelchair is a device which is used in the real world to for activities of daily living so that is 
what should be studied. Cooper et al. did this by having trained clinicians interview subjects 
while performing multiple tasks of daily living [42]. Similar studies use obstacle courses to 
15 
 
simulate an daily living setting, and then ask the subjects to rate their level of perceived exertion 
and perception ergonomics [22, 26, 43]. Many other things can be measured during these studies 
including heart rate, number of pushes, and time at which tasks are completed. As a further step 
into studies of the real world, data loggers have been used to measure the amount of community 
ambulation and activity is being experienced by the wheelchair user [30]. 
1.4 THESIS ORGANIZATION 
The remainder of this thesis will focus on evaluating a new automatic gear shifting system 
(AGS) for manually propelled wheelchairs developed by the author of this thesis. Before 
completing the design of this device, we noted the strengths and weaknesses of the manually 
gear-shifting wheelchair previously mentioned. In this way, we could build on these strengths to 
create a design which better serves the population who can benefit from this most. 
The first chapter of this thesis was a literature review which primarily focused on other devices 
that have attempted to address the needs of wheelchair users. The second chapter will focus on 
evaluating the design of our AGS from the perspective of mechanical and electrical reliability. 
By evaluating the prototype for these features, we will be able to guide the future development of 
manual wheelchairs. The third chapter reports on the usability of the AGS with 11 wheelchair 
users. By accomplishing this assessment, we will know what we need to change and alter to 
make this device more usable for the people who can benefit from it.  
The fourth and final chapter will conclude this thesis and point the reader to the future work that 
needs to be done in order to perfect this device. It was the goal of this research to evaluate the 
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AGS in order guide future development of geared wheelchairs and benefit those who use manual 
wheelchairs. 
1.5 TABLES 
Table 1.1: The 10 most common health conditions and impairments causing disability among wheelchair 
users [2]. 
  Condition 
Persons 
(1000s) 
% of 
device 
users 
1 Stroke (cerebrovascular disease) 180 11.1 
2 Osteoarthritis 170 10.4 
3 Multiple sclerosis 82 5.0 
4 Absence or loss of lower extremity 60 3.7 
5 Paraplegia 59 3.6 
6 Orthopedic impairment of lower extremity 59 3.6 
7 Heart disease (type unspecified) 54 3.3 
8 Cerebral palsy 51 3.1 
9 Rheumatoid arthritis 49 3.0 
10 Diabetes 39 2.5 
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CHAPTER 2: DEVELOPMENT AND EVALUATION OF AN AUTOMATIC GEAR-
SHIFTING WHEELCHAIR 
ABSTRACT 
Similar to the way that people ride bicycles, shifting gears can make pushing a manual 
wheelchair easier for many tasks like pushing uphill, propelling across carpet, traveling at high 
speeds, and even starting from stop. The author has developed the automatic gear-shifting system 
(AGS) for manually propelled wheelchairs. The AGS allows the wheelchair user to control the 
wheelchair by pushing the hand rims forwards, backwards, and in opposite directions to turn. 
However, the AGS automatically shifts between three gears (first, 1.4:1; second 1:1, and third, 
1:1.4) to make propelling the wheelchair more ergonomically efficient. We evaluated the design 
of the AGS with respect to mechanical and electrical reliability, as well as robustness of the 
control system. The AGS was found to have multiple weak components though none were too 
severe to be irresolvable. The AGS control system was shown to jam only 4.1% of the time and a 
shift adequately fast enough for more than 50% shifts. Future work that needs to be done 
includes modification of the quick release system, torque sensors, slip ring, power system, and 
tuning of the control system. With the completion of this work, the AGS is likely to prove a 
reliable and useful tool for providing mobility options to wheelchair users. 
2.1. INTRODUCTION 
Of the 1.5 million manual wheelchair users (mWCUs) in the United States [1], up to 70% report 
shoulder pain due to overuse  [2], [3] , [4]. Shoulder pain in mWCUs has been directly linked to 
further disability including difficulty performing activities of daily living [5], decreased physical 
activity, and reduced quality of life [6]. Overall, any loss of upper limb function due to pain 
adversely impacts the independence and mobility of mWCUs [7], [8]. Subsequently, it is 
22 
 
imperative to develop innovative technologies, therapies, and interventions to minimize shoulder 
pain.  
Many wheelchair designs use electrical energy to replace the effort required from the shoulders 
of wheelchair users; however, each design has its limitations. While powered wheelchairs 
eliminate stress on the wheelchair user’s shoulders, they are expensive, heavy, require 
specialized vehicles for transportation, have limited use due to battery life duration, provide little 
flexibility for persons who are capable of manually propelling their own chair, and contribute to 
reduced physical fitness due to limited upper body movement [9]. Another type of device, push-
rim activated power assist wheelchairs (PAPAWS) have been shown to significantly reduce the 
amount of energy used by a mWCU [10], [11]. However, PAPAWs are not ideal since they are 
heavy (adding 53 lbs to the chair frame) and less adaptable than a manual wheelchair since they 
require two large electric motors and a battery [11]. Additionally, the high cost of these devices 
has made them slow to gain acceptance.  
There is growing evidence that gear-shifting may be a lightweight, and intuitively usable way to 
address shoulder pain and difficulty pushing a wheelchair. In a five month clinical trial of a two-
speed wheelchair with a second gear specifically catered for going uphill (Magic Wheels, Magic 
Wheels, Inc.; Seattle, Washington), subjects experienced a significant reduction in the severity of 
shoulder pain [12]. Other studies used the Magic Wheels device to study muscle activation while 
using a geared wheel. Researchers found that when propelling a wheelchair up a ramp, gear 
shifting can reduce the electromyographic muscle activation of the shoulders [13], and can 
significantly reduce muscle activation levels of the trunk muscles [14]. These results suggest that 
particularly those with reduced trunk function or a higher spinal cord injury might be able to 
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benefit from a geared wheelchair. A limitation of MagicWheels design is that the user has to stop 
and manually shift into a gear. This manual transmission limits the number of people who can 
benefit from this device since users have to be cognizant of when to shift. Additionally, the 
design of the shifter is such that many MWCUs with a higher spinal cord injury and therefore 
reduced hand dexterity cannot use it. Finally, not being able to shift on the fly means that any 
energy stored as momentum will be lost before a MWCU starts to climb an incline. 
In order to address the weaknesses and build on the strengths of the previously mentioned gear-
shifting wheelchair, we have developed a prototype of a three-speed automatic gear-shifting 
system (AGS) for manually propelled wheelchairs. The AGS is packaged as a set of two wheels 
and onboard electronics which shift the gears. Much like the Magic Wheels’ two-speed manual 
gear-shifting product (gear ratios of 1:1 and 2:1), the AGS features a low gear (ratio 1.4:1) for 
climbing hills or traversing soft surfaces such as grass and carpet, as well as a direct drive gear 
(ratio 1:1) for everyday activities. An extra high gear (ratio 1:1.4) allows an AGS user to propel 
at high speeds in a more ergonomic way by requiring fewer pushes to move the same distance. 
Additionally, automatic rather than manual gear-shifting allows shifting on the fly, use by 
someone with limited hand dexterity, and use by someone with cognitive deficits.  
This paper provides a description of the design and evaluation of the reliability of the AGS 
design. The reliability assessment was divided into three parts. Firstly, we focused on evaluating 
the mechanical reliability of this device by examining parts for wear, and noting when failures 
occurred. Secondly, we focused on evaluating the device for electronic reliability. Thirdly, we 
evaluated the effectiveness of the electronic controller. 
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2.2. METHODS 
2.2.1. AGS Device Description 
A prototype of the first AGS was designed and constructed (Figure 2.1). It was mounted on an 
ultra-light wheelchair frame (Quickie TI, Sunrise Medical; Fresno, California). Each wheel 
features a custom designed three speed transmission (ratios 1.4:1, 1:1, and 1:1.4) located in the 
hub, the input of which connects to the hand rim (Aluminum Anodized Wheelchair Handrims, 
Sportaid; Loganville, Georgia), and the output of which to the wheel rim (Sun Metal 25” Double 
Wall, Buchanan’s Spoke & Rim, Inc.; Azusa, California). Thus the hand rim is linked to the 
wheel via the transmission hub, and not directly attached to the wheel as in a traditional wheel.  
Each wheel can be independently propelled forward or backward by the wheelchair user with the 
hand rims. In total, the AGS adds 4.5 kg (10 lbs) to the weight of a wheelchair when compared to 
standard wire spoke wheels. 
2.2.1.1. Geared Hub Design 
The custom designed geared hub at the center of each wheel is the key to the mechanical 
advantages experienced by a manual wheelchair user. All components fit inside the hub shell, 
which is about 3 inches in diameter and 3 inches in length (Figure 2.2). The input disk can drive 
the hub shell directly (for second gear), through the over-drive gear set (for third gear), or 
through the under-drive gear set (for first gear). Shifting is accomplished by moving the shifter 
pinion and shifter assembly axially with the shifter rod which extends through the center of the 
axle. The shifter assembly can move axially in two directions (Figure 2.3). In one direction, a 
dog clutch engages and locks the sun gear for first gear (1.4:1 gear ratio) (Figure 2.3, 2.6). When 
the shifter rod moves in the other direction, another dog clutch engages and locks the sun gear 
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for third gear (1:1.4 gear ratio) (Figure 2.3, 2.4). Both sun gears have their own set of four planet 
gears and one ring gear (Figures 2.5 and 2.6).  In the gear set for third gear, the input disk is 
connected to the planet carrier, and the ring gear is connected to the hub shell which causes the 
hub shell to move faster than the input disk when that sun gear is locked (Figure 2.4). In the gear 
set for first gear, the opposite arrangement is used; i.e., the input disk is connected to the ring 
gear, and the plant carrier is connected to the hub shell through the output disk which causes the 
hub shell to move slower than the input disk when that sun gear is locked (Figure 2.6). Finally, 
the shifter assembly can move to the center position which locks the input directly to the output 
with the coupling shafts, and the coupling and allows the sun gears to rotate freely (Figure 2.5). 
This design packages all moving parts inside the hub of the wheel, which drastically reduces the 
threat of rust, dirt, and injury. The entire hub is filled with grease (Internal Hub Grease, 
Shimano; Osaka, Japan) which helps to prevent wear and allows smooth operation. 
With any design, the goal is to provide an effective safety factor in order to guarantee a long life 
of use. The gear teeth have been designed to have a 99% reliability in fatigue with a safety factor 
of 2 [15], in response to a cyclic loading of a 9.0 Nm torque from the hand rim. This torque value 
is the peak amount of torque applied during normal wheelchair propulsion [16]. The gear teeth 
and all other torque transmitting components are all designed to have at least a safety factor of 2 
[15]relative to the Von Mises stress in response to peak torques of 16.7 Nm. This torque level 
was chosen to simulate maximum torques when propelling up a ramp [16]. 
Many wheelchairs these days feature quick release wheels, and the AGS is no different. The 
axles were designed to be quick releasable by rotating the shifter rod which extends through the 
entire axle. The shifter rod has a small flat on it to act as a cam surface that pushes a small ball 
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bearing in and out of a hole in the axle (Figure 2.7). When the ball bearing protrudes from the 
hole, the axle is not able to slide free from the wheelchair frame. When the cam is in the position 
shown in Figure 2.7, the ball can retract into the axle which allows the axle to slide free from the 
wheelchair frame. 
2.2.1.2. AGS Electrical Hardware 
The gears are selected with custom built electronics located underneath the seat.  At the heart of 
the system is a microcontroller (ATmega328, Atmel, Corp.; San Jose, California) which takes 
information from the sensors and sends instructions to the actuators. The microcontroller uses 
speed information from a Hall effects sensors (MP101301, Cherry Corp; Pleasant Prairie, 
Wisconsin), tilt information from a single axis accelerometer (MMA1270EG, Freescale 
Semiconductor; Austin, Texas), and torque information from force sensitive resistors (SEN-
09375, SparkFun Electronics; Boulder, Colorado). The force sensitive resistors (Figure 2.29) are 
wired in a half bridge configuration (Figure 2.30) which modulates the signal proportionally to 
the torque applied to the hand rim. The signal from the force sensitive resistors is passed through 
a custom made slip ring to the microcontroller (Figure 2.28). For this prototype, the torque was 
only sensed in one wheel; however the optimal solution is to sense it in both wheels. Optionally, 
the MWCU can manually select the desired gear with three buttons on the custom built user 
interface (Figure 2.9). When in manual mode, the user can select the desired gear (first, second, 
or third) with the three buttons. When in automatic mode, the microcontroller automatically 
selects the gear without user input. In either mode, the three LED lights indicate the current gear 
selection. 
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The gearing of each wheel is changed via linear actuators (FA-35-S-12-1, Firgelli Automations; 
Ferndale, Washington) (Figure 2.8). These actuators are powered by a rechargeable 12V NiMH 
battery pack with 3500 mAh capacity (CHUN-100DC42, BatterySpace.com; Richmond, 
California) and a dual H-bridge (MC33887, Pololu Corporation; Las Vegas, Nevada). Feedback 
of the location of the actuators and consequently the current gear is provided by linear 
potentiometers (EWA-P12C15B14, Panasonic; Osaka, Japan). 
2.2.1.3. AGS Control Strategy 
Custom software running on the microcontroller was used to create the AGS control strategy. 
The software uses information from a torque sensor, speed sensor, and tilt sensor. It then selects 
the best gear based on the gear selection map (Figure 2.10). The selected gear is based off of the 
instantaneous velocity of the wheels and the peak output torque of the most recent push. When 
the chair is not moving, it is not possible to know the peak cycle torque that is required for 
propulsion, so the sensed incline(via the tilt sensor) is used to predict the amount of torque 
required and select the best gear, e.g., when starting from a stopped position when going uphill. 
When switching gears in a manual transmission car, it is important to disengage the clutch so 
that the gears can disengage and engage without any loading on them. This principle is similar 
for the AGS. Shifting is accomplished during the portion of the recovery phase when the 
wheelchair user has released his hands from the rims and there is no applied torque on the hand 
rims. This shifting must occur quickly because the recovery phase is on average 370 ms ±120 ms 
[17]. 
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The gear shifting is controlled by a bang-bang (on or off) proportional derivative (PD) control 
algorithm running on the microcontroller at 100 Hz. The gains of the controller were 
heuristically tuned by experimenting with the physical design to minimize overshoot and settling 
time. No simulation was conducted because of unpredictable frictional disturbance forces within 
the hub which currently cannot accurately be modeled. 
2.2.2. Design of the AGS Test Stand 
In order to test the AGS’s reliability over longer time scales than can be accomplished with 
wheelchair users, the AGS test stand was designed and constructed. In addition, this test stand is 
capable of delivering precise loads and speeds of the strongest of wheelchair users. These values, 
as reported by Hurd et al., were peak torques while propelling up a ramp (1:19 rise to run) of 16.7 Nm 
and backward to forward velocities from -1 to 2 m/s [16]. It is desirable to design the AGS to survive 
these kind of loads for at least 3 years because the average life a wheelchair is 3 to 5 years [18]. 
The AGS test stand consists of the following components as seen in Figure 2.11: 
 The wheelchair hand rim is driven by a DC motor (P1211-5311, Yasaka Electric Corp.; 
Waukegan, Illinois) powered by a custom built H-bridge and two power supplies (48V, 
4.1 A; model KRII200M, Kyosan Electric Mfg.; Tokyo, Japan). This motor and power 
supply pairing is capable of delivery the peak torques and speeds of a wheelchair user as 
mentioned above. 
 The DC motor is connected to an electromagnetic clutch (CSC-17U24-E04-E04, Deltran 
PT; Amherst, New York) which can be powered by a power supply (12V; model STA-
5724AT, Stancor Corp.; St. Louis, Missouri) and a relay (model 0-1432868-1, Tyco 
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Electronics Corp.; Wilmington, Delaware). The clutch can be engaged and disengaged at 
an average propulsion frequency to simulate the push and recovery phases of wheelchair 
propulsion. The output of the clutch is connected to a small rubber roller which engages 
to the hand rim of the wheelchair. 
 The wheel of the wheelchair rests on a custom built metal flywheel roller which can 
simulate the linear momentum of half of a 63 kg wheelchair user (half because only one 
wheel is in contact with the flywheel). 
 The flywheel is connected to a large magnetic particle brake (KB-5, Placid Industries, 
Inc.; Lake Placid, New York) capable of providing the braking torque and loading the 
AGS with the real-world torque levels. The brake is powered by a constant current power 
supply (B&K Precision 1697, B&K Precision Corp.; Yorba Linda, California) which can 
be adjusted by a computer interface. 
 The brake rests on rollers which allow it to rotate freely. The only thing that is keeping it 
from rotating is a long lever arm attached to the ground with a load cell (LCFD-50, 
Omega Engineering, Inc.; Stamford, Connecticut). This way, all torque absorbed by the 
brake can be measured by multiplying the length of the lever arm by the measurement of 
the load cell. 
 The entire system is monitored and controlled by a data acquisition board (DAQ) (NI 
cDAQ-9174, National Instruments; Austin, Texas) and custom software running in 
Labview (Labview, National Instruments; Austin, Texas). 
 The wheelchair equipped with the AGS is mounted on the system with 4 tie down straps 
and a 19 kg sand bag sitting in the seat. These components ensure that the wheelchair 
does not shift during testing. 
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2.2.3. Evaluation of the Mechanical and Electrical Reliability 
After the AGS prototype was completely constructed, a detailed journal was kept that 
documented every failure that occurred in the AGS. It was then estimated how many cycles that 
component had been loaded with what forces. The troublesome component would then be 
analyzed to understand the failure mode so that it could be redesigned to be stronger.  
2.2.4. Evaluation of the Control System 
2.2.4.1. Actuator PD Control 
In order to tune the PD controller for the gear-shifting actuators, the AGS was mounted on the 
test stand and the location of the actuator on the wheelchair was recorded with the potentiometer 
at a sampling frequency of 36 Hz with 10 bit resolution. The potentiometer records the location 
of the actuator over 100 mm and this was digitized into 10 bits (1024 points of resolution).  
Various proportional (Kp) and derivative gains (Kd) were tested in order to minimize percent 
overshoot and settling time. Settling time was defined as the time it takes for the position of the 
actuator to be within ±2% of the reference value.  Each set of gains was tested 3 times while 
shifting from first gear to second gear while the wheel was spinning at the speed it would take to 
be traveling at 1 m/s. The settling time and the percent overshoot were measured and averaged 
over the three trials. While many different gains were attempted, only 3 are shown in the results 
section of this paper.  
Whenever control is being developed to run on a microcontroller where computing power and 
sampling rates are somewhat limited, it is common to use unconventional units in the control 
strategy in order to avoid using computationally expensive floats to convert units. For example, 
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the position of our actuators was recorded in units of points of resolution, and the error signal 
was computed in the same units. Additionally, the derivative of the position was recorded in 
units of points of resolution per 10ms because that is the sampling rate. For the purposes of 
displaying the data later in the results section, we have changed all of these units to mm and ms. 
A block diagram of the control system is displayed in Figure 2.12 for reference. 
2.2.4.2. Power Consumption 
In order to evaluate the power demands of this type of system, it was desirable to also measure 
the amount of power drawn from the battery on average. To measure this we had to explore two 
different situations:  
1. The first is when the AGS is simply idling and the only power that is being used is for the 
microcontroller and the sensors. 
2. The second is when the AGS is shifting gears, and extra power is being drawn to shift 
gears. 
The first situation was investigated by powering the AGS with a power supply which is capable 
of measuring current (B&K Precision 1697, B&K Precision Corp.; Yorba Linda, California) 
After powering the system on, steady state was reached within 10 seconds and the current was 
measured. Multiplying the current (in amps) by the voltage (in volts) delivers the power 
requirement of this scenario. 
The second situation was investigating by using the current sensing capability of the onboard H-
bridge. The signal was sampled at a rate of 36 Hz using custom-written Labview software over a 
total of 28 shifts from first to second or second to first. Using custom Matlab code, the average 
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current draw was found by integrating the current over the entire time that the AGS was shifting 
and dividing by the total amount of time that the AGS was shifting. The average time per shift 
was found by dividing the total time that the AGS was shifting by the number of shifts.  
2.2.4.3. Shift Reliability 
In order to test the reliability of this shifter, the AGS was placed on the test stand so that it could 
be run for a long period of time. The average wheelchair user pushes 2,457 meters per day, for 47.9 
minutes per day, with 348.4 start/stops per day [19]. With this information we constructed the desired 
velocity profile for an average short trip and a long trip on in a wheelchair (Figure 2.13). By having the 
machine complete 316 of these short trips (1.9 meters in 3.7 seconds) and 32 of the long trips (58.2 
meters in 58 seconds), it approximates the average day defined by Tolerico et al.  [19]. In order to 
simulate that some of the time a wheelchair user has to back up, half of the short trips were run in reverse. 
The AGS was configured to output the actuator position via a serial port so that the data could be later 
analyzed. Post processing using custom Matlab code would reveal how many of the shift times were less 
than the minimum time for a recovery phase which is set at 250 ms, i.e., the mean time for a recovery 
phase minus one standard deviation  [17]. In this way, we could find the percentage of successful shifts. 
The data were also analyzed for stalls in the actuator position in between gear positions that lasted longer 
than one second. This timing is representative of a mechanical jam which must be resolved manually by 
applying a small amount of pressure to the hand rim. 
2.3. RESULTS AND DISCUSSION 
2.3.1. Mechanical Reliability 
The AGS had its first over ground test run on 12/16/2010. Though this was not the end of 
development, it was the beginning of wear on the prototype. Testing concluded on 10/28/2011 
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when longevity testing completed. Table 2.1 includes a log of usage for the AGS which was used 
to estimate the loads and lifetime reliability of the various components. 
2.3.1.1. Quick Release Mechanism 
The quick release mechanism was the first mechanical issue to be found even before the 
wheelchair started to be used. Because of the design of the system, the ball bearing is held in by 
a cross sectional area of 0.30x0.48 mm, and the quick release lever is held in by a cross sectional 
area of 0.635x3.18 mm. These features are built into the axle which is made of 303 stainless 
steel. Empirically though, this is far too small because a paper clip is 1 mm in diameter, made 
from steel, and that can easily be bent by hand. This flaw in the design was quickly realized 
when the quick release mechanism failed at both points (Figure 2.14). 
In order to understand these failures further, detailed Finite Element Analyses (FEAs) were 
conducted in order to understand the failures. Figure 2.15 shows the FEA for the hole in which 
the ball bearing sits. We loaded the thinnest part of the whole with 44.5 N (10 lbs) which 
simulates moderate axial loading on the wheel. This could come from the wheelchair being on a 
sideways slope, aggressive wheel removal, or simply a fast turn in the wheelchair. The results of 
this analysis show a peak von Mises stress of 935 MPa in 303 stainless steel. which has a yield 
stress of only 242 MPa. A safety factor of just 0.26 is far too low for a this key feature, so it is 
very important that this feature will need to be significantly strengthened in the future. 
The slot for the quick release shaft, which also failed, was investigated as well. Figure 2.16 
shows the FEA of this feature which is made out the same 303 steel that has a yield stress of 242 
MPa. We loaded the thinnest feature with 44.5 N (10 lbs) in the axial direction and ran the 
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analysis with the base of the shaft constrained. A peak von Mises stress of 332 MPa was found 
which again means a safety factor less than 1. In practice, this feature was significantly 
weakened when the wheel was placed on this surface. It is recommended that more work is done 
to strengthen this feature in the future. 
In order to continue and test other features of the AGS, this feature was simply disabled and the 
wheel was bolted directly to the wheelchair frame. This is acceptable for the prototype, but it is 
imperative that the quick release function is solidified and perfected in the future. Quick release 
wheels are a feature that wheelchair users have come to expect on any ultralight wheelchair. The 
AGS is intended to fit into this category so it must meet wheelchair user’s expectations. 
2.3.1.2. Shifter Pinion Failure 
The shifter pinion holds a very important role in the AGS geared hub. It moves the entire shifting 
assembly and resists the mechanical torsion put on the system by the wheelchair (Figures 2.2 
through 2.6). On 2/21/2011, the shifter pinion snapped in half (Figures 2.17 and 2.18). It was 
first theorized that the torsion put on the system by the wheelchair user was the culprit, but FEA 
showed that this torsion was not enough to cause a failure. However, when this loading is 
combined with the loading applied by the actuators, failure becomes very possible. This failure 
mode was demonstrated in the FEA presented in Figure 2.19. In this analysis, the shifter pinion 
was loaded with 260 N, i.e., the maximum amount of force applied by the wheelchair user, and 
160 N, i.e., the maximum amount of force from the actuator. In this way, we were able to 
determine that the part would experience peak von Mises stress of 690 MPa, twice the yield 
strength of plain carbon 1020 steel. This result gives us an unacceptably low safety factor of 0.5 
which explains the rapid failure of this component. 
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In order to rectify this situation, the shifter pinion was quickly redesigned. The thickness was 
increased from 1/8 inch to 3/16 inch, and the material was changed from 1020 to 4140 steel. The 
FEA simulation was performed with these new material properties and dimensions as shown in 
figure 2.20. These changes resulted in a new safety factor of 2.4. The shifter pinion was 
remanufactured to these specifications and installed in the AGS geared hubs. This component 
has since performed reliably. 
2.3.1.3. Coupling Wear 
When the coupling and coupling shafts were designed, the coupling shafts were made out of two 
different materials. The coupling shafts were made of black oxide coated alloy steel, which has a 
minimum Rockwell hardness of C38 and a minimum tensile strength of 945 MPa (137,000 psi). 
This material was chosen due to the availability to off the shelf bolts which could be modified 
for use in the AGS. The coupling was designed out of 6061 T6 Aluminum, which has a 
Rockwell hardness of B60, i.e., much softer than the coupling shafts, and an ultimate tensile 
strength of 310 MPa (45,000 psi). This material was chosen to take advantage of lower machine 
times from to the softness of the aluminum. While these are valid reasons for material choices, 
they quickly led to issues with wear since the aluminum was so much softer than the coupling 
shafts. 
This failure was observed by significant wear on the coupling (Figure 2.21). The sharp hard 
point of the hardened steel coupling shaft dug into the softer moving parts of the aluminum 
coupling. This large amount of wear was the cause of an unacceptable number of mechanical 
jams in the AGS geared hub. 
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According to Juvinal et al., wear rates are mostly found empirically for a given application, 
however, increased hardness of materials generally decreases the wear rate [15]. Therefore, it 
was chosen to remanufacture the coupling out of much harder 4140 steel, which has a Rockwell 
hardness of C13. Since this new coupling was installed in the AGS geared hubs 3/1/2011, the 
AGS has not experienced similar problems. 
2.3.1.4. Set Screw Failure 
In order for the geared hub to function, the axle must remain stationary and not rotate. To do this, 
a secondary axle was connected to the main axle with a bracket and set screw (Figure 2.22). The 
secondary axle fits into a slot on the wheelchair frame so that it cannot rotate about the main 
axle. A problem arose when the set screw was loaded with the torque of the wheel. According to 
Hurd et al., a wheelchair user pushes the hand rim of the wheelchair with a maximum of 16.7 
Nm of torque when going up a ramp [16]. On the AGS, 40% of the input torque (6.68 Nm) is 
loaded to the axle because of the 1.4:1 gear ratio for first gear. With an axle diameter of 0.0127 
m (0.5 inches), this creates a 1051 N shearing force on the set screw.  This load is not enough to 
shear the hardened steel set screw, but it is enough to severely damage the axle (Figure 2.23). In 
this case, the set screw support hole was severely deformed. This failure was demonstrated by an 
FEA (Figure 2.24) which shows a huge stress concentration at the edge of the set screw hole 
equal to 2,200 MPa, 9.10 times larger than the yield stress of the material. Just to be certain that 
the keyway was not the cause of the set screw hole failure, the simulation was repeated on the 
other side of the set screw hole which is shown (Figure 2.25).  The same large stress 
concentration was found there as well, so it is no wonder the deformation shown in Figure 2.23 
was experienced. 
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Set screws are not the only option for preventing rotation of a shaft. This issue was resolved by 
using a keyed shaft in the bracket which holds the axle (Figure 2.26). An FEA of this new design 
shows much lower von Mises stresses due to reduction in stress concentrations (Figure 2.27). In 
general, the maximum stresses were 140 MPa, which gives a safety factor of 1.72. There is one 
significant stress concentration at the corner of the keyway but this should only cause local 
yielding. This analysis successfully demonstrates the value of using a set keyway as much more 
reliable solution for preventing shaft rotation than a set screw. 
This problem was not severe enough to render the entire AGS unusable, but it was enough to 
decrease the quality feel of the system. The main issue was that the amount of deformation as 
shown in Figure 2.23 was enough to cause the axle to freely rotate a small amount. This was 
experienced by the wheelchair user as 7.74 degrees of play in the hand rim leading some 
wheelchair users to complain. One person using the AGS said, “It is difficult to push with the 
loose hand rims.” After the set screw had been replaced by the keyed shaft, the 7.74 degrees of 
play was successfully eliminated. 
2.3.2. Electrical Reliability 
Basic problems were experienced with the AGS electronics including connection problems and 
wire fatigue. These problems can both be attributed to the nature of the prototype on which the 
circuit board was built with proto-board, soldered wires, and then enclosed in a prototype circuit 
enclosure. These problems can be solved very easily in a production model by building all 
electronics on a printed circuit board that uses professional quality connectors and soldering. The 
remainder of this section will focus on the more complicated issues with other electric 
components such as the slip rings, torque sensors, and batteries. 
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2.3.2.1. Slip Rings 
A slip ring uses brushes to transmit an electrical signal or power across a rotating joint. 
Commonly they have problems with losing connectivity due to wear of the brushes on the 
contact surface. In order to pass power between the signal from the torque sensors on the rotating 
hand rim to the microcontroller on the stationary wheelchair frame, a pancake style slip ring was 
custom designed (Figure 2.28). It featured three channels: power, signal, and ground, and was 
fashioned from a copper milled circuit board, and a rapid prototyped disk which held three spring 
loaded gold plated contacts so that they slide along the tracks in the circuit board. 
This slip ring had multiple negative effects on the system. Firstly added friction slowed down the 
wheel an unmeasured but noticeable amount. Since torque was sensed on only one wheel, during 
pilot tests, the wheel fitted with the slip ring had a greater level of drag, which was enough to 
cause the wheelchair to turn while coasting. Additionally, the slip ring started to suffer some 
wear, which quickly degraded the torque signal to the point that it was nearly unusable. Because 
of this, it is recommended that another method is used for transferring the signal. Possible 
solutions might be a wireless connection using infrared or radio frequencies, or mounting the 
entire controller on the wheel itself so that it rotates with the torque sensors. 
2.3.2.2. Torque Sensors 
Although the torque sensor was incorporated into the design, unanticipated hysteresis caused by 
friction in addition to connection issues caused the torque sensor to be disabled via software in 
the experiments. In this case, only the bottom row of Figure 2 was actually used to select the 
gear. 
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2.3.2.3. Battery Degradation 
The battery used for this prototype was a 12V NiMH battery pack with 3500 mAh capacity 
(CHUN-100DC42, BatterySpace.com; Richmond, California). This battery is recommended for 
use at 2A continuous draw and could handle 4.5A continuous draw and 8.2A momentarily. As 
found in the power consumption section (later in this paper) the current draw was on average 
39mA and maximum momentary drains of 4.31A, which were well within specifications. 
However, batteries in this prototype quickly degraded. It is recommended that future redesigns 
use a more advanced lithium ion battery type which has a much higher power to weight ratio. 
Alternately, we could consider using a heavy but highly reliable and rechargeable lead-acid 
battery. 
2.3.3. Control System Evaluation 
2.3.3.1. Actuator PD Control 
In an analysis to minimize percent overshoot and settling time of the bang-bang controller, we 
evaluated the PD control of the gear-shifting actuator over three different sets of Kp and Kd 
gains. The first set was Kp=1 and Kd=12 (units of 1/points of resolution and 
second/points_of_resolution respectively), and the step response can be seen in figure 2.31. The 
actuator cleanly travels from 0mm to 28mm in a rise time of 432ms. The settling time was 
exactly the same as the rise time indicating that there was little to no overshoot. When Kp is 
raised to 5, the rise time decreases substantially to 252ms as shown in Figure 2.32. This behavior 
fits with traditional PD control theory. However, this quick response time comes at a price, the 
system is now borderline unstable. After the signal has risen to the reference level, it continues to 
adjust until it finally settles down 2.2 seconds after actuation. In operation, it would be possible 
40 
 
for AGS to be knocked out of gear during this 2.2 second settling time which is undesirable. This 
response also comes with a 3.4% overshoot which is acceptable. 
When we explore the effect of increasing Kd (Kp=1 and Kd = 48), we see the opposite effect as 
shown in Figure 2.33. Classical PD control theory says that a higher Kd will create a system that 
responds more slowly. The rise time has increased substantially to 1.6 seconds with a rather large 
flat point in the middle of the step response. This behavior is not a bug in the data collection, but 
rather it results from such a high Kd and the use of bang-bang control. At the beginning of the 
flat spot, the speed of the response has risen so high that the Kd reacts and turns off the power to 
actuator. Once the speed of the response has settled back to 0, Kd then has little to no effect and 
Kp can raise the signal to the reference level. The advantage of this type of control is that it is 
very stable with very little overshoot. However, the same level of stability can be achieved with a 
lower Kd which results in a much lower rise time. Of the three sets of gains presented here, the 
first configuration (Kp = 1, Kd = 12) was chosen for the prototype model because of its balance 
between stability and rise time. 
The effect of the different gains can be seen in Table 2.2. It is desirable to have the low rise time 
of the second condition, but also have the stability and low settling times of the first and third 
conditions. In order to do this, utilizing a slightly more advanced microcontroller with real pulse 
width modulation capabilities is desirable. This alternate control theory would allow traditional 
control of the actuators rather than relying on the effective, but somewhat crude, bang-bang 
control. 
2.3.3.2. Power Consumption 
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It was found that at steady state when the AGS is not shifting gears, the microcontroller and 
sensors draw 39mA at 12V. These devices produced a constant drain on the battery of 468mW. 
This battery usage is far too high for a small controller. For example, most cell phones today 
draw much less power though they feature much more computing power. Simple back of the 
envelope calculations can reveal this. The cell phone of the author has a 3.55Wh battery and can 
work for 72 hours. That means that, the cell phone is drawing 49mW on average, a mere 10% of 
the power consumption of the AGS microcontroller. Therefore, there is much work that can be 
done to develop hardware that runs off of more low-power microcontrollers like the TI MSP 430 
(Texas Instruments; Dallas, Texas). Additionally, there is a possibility of utilizing sensors which 
require less power to run as well. 
When the actuator power consumption was investigated over the course of 14 shifts from first to 
second and then 14 shifts back again, the actuator experienced the following: 
 10.3 seconds shifting gears over 28 shifts (average time per shift 368ms) 
 0.667 Amps on average (2.137 Amps max) 
Since there are two actuators, their average current draw during a shift was actually 1.33 Amps 
for 368ms. When operating at 12V, the actuators draw 16.0W on average and 51.3W at 
momentary maximum.  
The battery utilized in this prototype is rated at 12V and 3500mAh. Theoretically, this means 
that the battery can power the AGS for 25,743 shifts. Assuming that the AGS shifts gears twice 
on average per trip and the average wheelchair user makes 348 trips per day, these calculations 
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suggest a battery life of 37 days. This battery life projection, however, assumes that the 
microcontroller can be made to draw a negligible amount of current by powering it down when 
not in use. If it is not powered down, the battery life drops to approximately 3 days so it would 
be very advantageous to make this change. 
2.3.3.3. Shift Reliability 
Unfortunately, the testing time of experiments to test shift reliability were truncated early due to 
hardware failure of the testing rig, but useful data were still generated. The testing rig was able to 
simulate 510 short trips and 50 long trips before the clutch wore out after 2 hours and 18 
minutes. This runtime approximated 1.6 days of use. During this time, the wheelchair shifted 
gears 935 times (approximately twice per trip) and the location of the actuator was recorded so 
that post analysis could reveal information about each shift. This analysis is necessary because it 
has been shown that a wheelchair user may have a recovery phase as short at 250 ms [17]. 
Therefore, it is critical that the AGS can shift in less than this amount of time so as to not disrupt 
the push cycle of a wheelchair user. 
Figure 2.34 displays a histogram for the shift times for different gear changes. Gear shifts from 
first to second gear have a mean time of 301 ms, while gear shifts from second to first take much 
less time, 189 ms on average. The reason is that the AGS actually has a slightly different control 
strategy for gear shifts that end at first gear or third gear. As seen in Figures 2.4, 2.5, and 2.6, the 
shifter assembly has mechanical stops at first and third gears that can be used to precisely hit the 
desired gear position. The fast shifting is accomplished by simply allowing the shifter assembly 
to run into one of the gear sets. Second gear, however, requires the actuator to precisely stop 
without the aid of any mechanical stops. This situation requires a higher Kd which also slows 
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down the rise time as noted in the last section. In order to accomplish faster shifts when they are 
possible, the AGS controller actually changes Kd to zero whenever the gear goal is first or third 
goal, and then changes Kd back to one when it shifts to second gear. This provides much faster 
shift times when shifting to third or first gear (Figure 2.34). This current control method means 
that it may be beneficial to add some sort of mechanical stop at the second gear position. A good 
option might be a spring loaded detent or more robust control. 
Figure 2.34 also shows the shift times for shifts from second to third (mean time 202 ms) and 
third to first (mean time 404 ms). When shifting from third to first, the actuator has to travel 
twice as far as the second to third case. In order to prevent the AGS from shifting while the user 
was braking, downshifts were not allowed unless the AGS had come to a complete stop. For this 
reason, there are no shifts from third to second, but there are many instances of shifts from third 
to first. 
When we analyzed the data further we found 40 instances in which the actuator got stuck for 
more than 1 second which indicated a mechanical jam. Forty times in 935 shifts is 4.3% of all 
shifts experiencing a jam. In this instance, the hand rim had to be physically move with a small 
amount of force to resolve the problem. Using the current design, this result would mean that a 
wheelchair user using this product in the real world would be faced with a similar effect of jams 
4.3% of the time. 
Overall, the shifting was quite reliable. Only 4.3% experienced a mechanical jam. However, 465 
shifts or 49.7% of all of the shifts were slower than 250 ms which might cause a problem for a 
real wheelchair user. 367 of these 465 shifts were from first to second gear due to the slower 
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control scheme, and 90 of them were from third to first when the wheelchair user is stopped and 
it doesn’t even matter. It is important to note that 250 ms is on the very low range of a regular 
wheelchair user’s recovery phase  [17].With an average time of 301 ms, it is likely that it will be 
fast enough for most wheelchair users. Even in the event that the shift time is not fast enough for 
someone, it will only result in a minor inconvenience when the wheelchair user has to adjust 
his/her cadence slightly slower.  
2.4. CONCLUSION 
The AGS was developed as an automatic gear-shifting system for manually propelled 
wheelchairs. This design allows a wheelchair user to control the wheelchair by pushing the 
standard hand rims forwards, backwards, and in opposite directions to turn. However, the AGS 
automatically selects the best gear based on speed, torque, and tilt.  
The goal of this chapter was to evaluate the design for mechanical and electrical reliability, shift 
controller reliability, and battery life. A prototype of the AGS suitable for use by wheelchair 
users was successfully designed and constructed, and a detailed log was kept of the scenario and 
duration of use. In this way, we could estimate the loads and number of cycles each component 
experienced when it failed. The quick release mechanism experienced failure early on in the test; 
however it was analyzed and clear guidelines for redesign are provided. In addition, the set 
screws, coupling, and shifter pinion were all redesigned and remanufactured for strength. On the 
electrical side, the battery, slip ring, and torque sensing system all experienced issues and clear 
guidelines for redesign were provided. 
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In order to test the AGS for longer periods of time, a test stand was constructed in order to 
repetitively load the AGS with stresses similar to those experienced during regular everyday use. 
This test stand revealed that the battery life has a potential of reaching 27 days if the 
microcontroller and sensors are configured to switch to low power mode when there is no event 
like the movement of a wheel. Further testing revealed that 4.1% of all shifts experienced some 
sort of mechanical jam that must be resolved by the user physically pushing the hand rim in one 
direction. In addition to that, more than half of all shifts were faster than the minimum amount of 
recovery time during a wheelchair user’s push cycle (250 ms). This indicates that the controller 
is performing well most of the time, but work must be done to speed up the controller slightly. 
While the AGS prototype experienced a number of mechanical, electrical, controller issues, all of 
them were addressable with simple redesigns. Most of the issues have already been redesigned, 
and the others have provided clear direction for the redesign. With future development that has 
been outlined in this chapter, the AGS is likely to become a robust and quality device that can be 
used by wheelchair users around the world. 
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2.5. FIGURES 
 
Figure 2.1: First prototype of the AGS, the automatic gears shifting system for manual wheelchairs. 
 
 
 
 
 
 
 
Figure 2.2: Exploded view of the AGS 3-Speed Hub. Not shown are the actual wheel, which is connected by 
steel spokes to the hub shell, and the hand rim, which is attached to the input disk with steel spokes as well. 
Thus the hand rim is linked to the wheel via the transmission hub, and not directly attached to the wheel as in 
a traditional wheel. 
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Figure 2.3: Shifter assembly inside the AGS Hub.  These diagrams show how the dog clutch (part of the 
shifter assembly) engages 1
st
 or 3
rd
 gear. 
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Figure 2.4: The geared hub with the hub shell and output ring gear invisible, showing the transmission in 
third gear (1:1.4).  In this configuration, the left dog clutch is engaged into the left sun gear. The input disk is 
connected to the planet carrier, and the ring gear is connected to the hub shell (not shown) which causes the 
hub shell to move faster than the input disk when that sun gear is locked (Figure 2.4) 
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Figure 2.5: The geared hub with the hub shell and output ring gear invisible, showing the transmission in 2
nd
 
gear.  In this configuration, the coupling shafts are locked together with the part of the shifter assembly that 
is allowed to rotate. This locks the input directly to the output with the coupling shafts and allows the sun 
gears to rotate freely 
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Figure 2.6: The geared hub with the hub shell and output ring gear invisible, showing the transmission in first 
gear (1.4:1).  In this configuration, the right dog clutch is engaged into the right sun gear. The input disk is 
connected to the ring gear (not shown), and the plant carrier is connected to the hub shell through the output 
disk which causes the hub shell to move slower than the input disk. 
 
 
 
 
 
Figure 2.7: Quick release assembly. The quick release lever shown on the left is rotated 90 degrees which 
rotates the shifter rod through the entire axle.  This motion rotates the cam surface shown on the right which 
allows the ball bearing to rest inside or protrude from the axle.  This position allows the axle to be quickly 
removed from the wheelchair frame or firmly locked in. 
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Figure 2.8: Depicting the actuators which move the shifter rods which extend into the geared hubs and 
control which gear is activated.  Each actuator uses feedback information from a linear potentiometer to 
move to a specified location.   
 
 
 
 
 
 
Figure 2.9: Custom built user interface on the AGS.  When in manual mode with the switch on the left, the 
user can select the desired gear (1
st
, 2
nd
, or 3
rd
) with the three buttons.  When in automatic mode with the 
switch on the right, the microcontroller selects the gear.  In either mode, the 3 LED’s indicate which gear it is 
in. 
Geared hub 
Shifter rod 
Linear Actuator 
Linear Potentiometer 
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Figure 2.10: Gear Shifting Logic Table 
 
 
 
 
 
Figure 2.11: AGS test stand. 
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Figure 2.12: Block Diagram of the PD bang-bang controller for the actuators which shift the gears in the 
AGS.  The output is the position of the actuator in units of points of resolution.  This position can be 
converted to millimeters by multiplying by 100 mm / 256 points. 
 
 
 
 
 
Figure 2.13: Velocity profiles for a short trip (1.9 meters) and a long trip (58.2 meters) in a wheelchair.  
Completing 316 short trips (half forwards and half backwards) and 32 long trips (all forwards) replicates an 
average day of a wheelchair user as measured by Tolerico et al. [19]. 
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Figure 2.14: Demonstration of the failure points in the quick release mechanism.  The top pictures show the 
hole for the ball bearing which has been severely dented.  The bottom pictures show the slot in which the 
quick release lever moves.  It has completely broken off of the prototype. 
55 
 
 
Figure 2.15: FEA of the hole which retains the ball bearing.  The point of the hole was loaded with 44.5 N.  
The green arrows indicate where the model was constrained.  This amount of force could easily be generated 
by a tight turn in a wheelchair, a sloping surface during wheelchair use, or even a wheelchair user removing 
the wheel.  This model experiences a maximum von Mises stress of 935 MPa, whereas the yield stress of 303 
stainless steel is 242 MPa.  The conclusion is that this feature needs significant reinforcement. 
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Figure 2.16: FEA of the hole which retains the quick release shaft.  The purple arrows represent a 44.5 N 
force being applied at the slot.  The green arrows indicate where the model was constrained.  This model 
experiences a maximum von Mises stress of 332 Mpa and the yield stress of 303 stainless steel is 242 Mpa.  
The conclusion is that this feature needs significant reinforcement because 44.5 N is not an unreasonable 
force to be applied here. 
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Figure 2.17: On 2/21/2011, the shifter pinion snapped in half after a newer more powerful actuator was 
installed.  
 
 
 
Figure 2.18: The failed shifter pinion shown from a different angle which shows the face of the failure. 
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Figure 2.19: FEA analysis demonstrating the reason that the original design of the shifter pinion failed.  It 
indicates a maximum von Mises stress of 690 MPa, at the point where the actual failure was experienced.  
These results suggest a safety factor of .5 for standard 1020 steel. 
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Figure 2.20: FEA of the shifter pinion after changing the material from 1020 steel to 4140 steel and changing 
the thickness from .125 inches to .1875 inches.  The loading conditions were exactly the same as before, but 
the safety factor increased to a much more acceptable 2.4. 
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Figure 2.21: Demonstration of how the coupling shaft wore away at the coupling.  This wear became so severe 
that it later caused many mechanical jams in the AGS hub.  To resolve this problem, the coupling was 
remanufactured out of 4140 steel instead of the much softer aluminum in the original design. 
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Figure 2.22: Displaying the secondary axle which prevents the primary axle from rotating.  The use of a set 
screw caused a failure which is discussed in the next figures. 
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Figure 2.23: Three pictures of the same feature which deformed  
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Figure 2.24: FEA of the set screw problem.  The Corner of the hole has been loaded with 1051 N and the part 
was constrained at the green arrows.  These results show an extremely large stress concentration at the inside 
of the hole equal to 2,200 MPa, 9.10 times larger than the yield stress of 303 stainless steel which is 242 MPa. 
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Figure 2.25 FEA of the set screw problem.  The Corner of the hole has been loaded with 1051 N and the part 
was constrained at the green arrows.  These results show an extremely large stress concentration at the inside 
of the hole equal to 2,070 MPa, 8.55 times larger than the yield stress of 303 stainless steel which is 242 MPa. 
65 
 
 
Figure 2.26: Keyed shaft feature which replaced the set screw.  This design proved to be a much more reliable 
solution. 
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Figure 2.27: FEA of loading on the keyway instead of the set screw hole.  The material is 303 stainless steel 
which has a yield stress of 242 MPa.  These results suggest local yielding at one corner of the keyway, but in 
general stresses are at maximum 140 MPa which gives a safety factor of 1.72. 
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Figure 2.28: .  In order to pass power between the signal from the torque sensors on the rotating hand rim to 
the microcontroller on the stationary wheelchair frame, a pancake style slip ring was custom designed. It 
featured three channels: power, signal, and ground, and was fashioned from a copper milled circuit board, 
and a rapid prototyped disk which held three spring loaded gold plated contacts so that they slide along the 
tracks in the circuit board. 
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Figure 2.29: Location of force sensitive resistors 
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Figure 2.30: Force sensitive resistor circuit diagram.  Each force sensitive resistor is on one side of the 
component shown in Figure 2.29.  In this half bridge configuration, the signal will vary from 2.5 V+-2.5 V 
depending on the sign of the instantaneous torque. 
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Figure 2.31: One of three recorded step responses for the actuator position with PD gains of 1 and 12 
respectively. 
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Figure 2.32: One of three recorded step responses for the actuator position with PD gains of 5 and 12 
respectively. 
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Figure 2.33: One of three recorded step responses for the actuator position with PD gains of 1 and 48 
respectively. 
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Figure 2.34: Histograms showing the distribution of shift times for each successful gear change over 935 gear 
shifts.  Gear changes were divided into which gears they are going to and coming from (first, second, or 
third). 
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2.6. TABLES 
Table 2.1: Testing log of the AGS prototype. 
Start Date End Date Description 
Use 
during 
this 
period 
(hours) 
Total 
Use 
(hours) 
12/16/2010 12/16/2010 First test 5 5 
12/17/2010 1/3/2011 Holiday break 0 5 
1/4/2011 1/27/2011 Development of new actuators 10 15 
1/28/2011 2/20/2011 
Development of new h-bridge and 
resolving backlash 10 25 
2/21/2011 3/1/2011 
Shifter Pinion Fails (redesign of shifter 
pinion and coupling) 10 35 
3/2/2011 3/31/2011 Testing of the new torque Senor 10 45 
4/1/2011 8/8/2011 General Demos and Usage 50 95 
8/9/2011 8/26/2011 Replacing the Worn Set Screws 10 105 
8/27/2011 9/15/2011 Final Usability Testing 15 120 
9/16/2011 10/15/2011 Development of Testing Rig 10 130 
10/16/2011 10/28/2011 Final Longevity Tests 5 135 
 
Table 2.2: Average step response characteristics for various gains of the PD controller. 
kp 1 5 1 
kd 12 12 48 
Mean Rise Tim (sec) 0.41 0.27 1.81 
Mean Settling Time (sec) 0.41 3.14 1.97 
Mean % Overshoot 0.90% 3.90% 0.71% 
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CHAPTER 3: USABILITY STUDY OF AN AUTOMATIC GEAR-SHIFTING SYSTEM 
FOR A MANUAL WHEELCHAIR 
ABSTRACT 
The current study focused on evaluating the usability of an automatic gear-shifting system 
(AGS) for manually propelled wheelchairs. The AGS has three speeds – first gear: for ascending 
slopes or traversing compliant surfaces, second gear: traditional direct-drive for everyday 
situations, and third gear: for increased ergonomics during fast propulsion.  The AGS is 
packaged as an add-on set of two wheelchair wheels (each with its own 3-speed transmission 
connecting the hand rim and tire) and onboard electronics for gear shifting. The AGS’s usability 
was assessed through user perception of the AGS ability to reduce the effort of propelling a 
wheelchair.  Eleven fulltime manual wheelchair users (ages 34 ± 14 years) were recruited to 
compare the AGS to a traditional direct-drive configuration and rate their level of perceived 
exertion while completing 10 tasks of daily living.  Nine subjects perceived the AGS as easier 
for at least one task of daily living, and four subjects rated the AGS as easier to use for more than 
half of the tasks. Subjects perceived a significant advantage when traversing up a steep slope and 
crossing an uneven doorway threshold.  Interestingly, subjects with low trunk control (higher 
spinal cord injuries) consistently rated the AGS configuration more favorable than subjects with 
more trunk control.  Gear-shifting may be an effective option for making wheelchair propulsion 
easier, especially for individuals with reduced trunk function. 
3.1. INTRODUCTION 
Of the 1.5 million manual wheelchair users (mWCUs) in the United States [1], up to 70% of 
them report shoulder pain due to overuse of the shoulder joint [2, 3 , 4].  Shoulder pain in 
mWCUs has been directly linked to further disability including difficulty performing activities of 
daily living [5], decreased physical activity, and reduced quality of life [6].  Overall, any loss of 
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upper limb function due to pain adversely impacts the independence and mobility of mWCUs [7, 
8]. Subsequently, it is imperative to develop innovative technologies, therapies, and interventions 
to minimize shoulder pain.  
Clearly, use of a powered wheelchair would completely take away strain on the shoulders due to 
wheelchair propulsion and reduce shoulder pain. However, powered wheelchairs are expensive, 
heavy, require special vans and lifts, and have limited use duration due to battery life. In general, 
they provide little flexibility for persons who are capable of manually propelling their own chair, 
and they contribute to reduced physical fitness [9]. Therefore, there is a great need for devices 
for the many wheelchair users who experience difficulty or pain while pushing a manual 
wheelchair, but are not ready to transition into a powered wheelchair. 
Push-rim activated power assist wheelchairs (PAPAWS) were one of the earliest commercially-
available devices which attempted to address this need.  PAPAWS have been shown to 
significantly reduce the amount of energy used by a mWCU [10], 11]. However, PAPAWs are 
not ideal since they are heavy (approximately 24 kg of added weight) and more difficult to 
maneuver than a manual wheelchair since they require two large electric motors and a battery 
[11]. Additionally, the high cost of these devices has made them less desirable or cost-prohibitive 
to many mWCUs.  Therefore, there is a need for devices which provide a low-weight and 
affordable way of making pushing a wheelchair easier. 
Lever operated wheelchairs are an innovative way to utilize a more ergonomic rowing motion 
from the mWCU.  Evaluation of these devices has demonstrated that levers are a more 
comfortable method of propulsion [12], and they reduce the amount of work from the shoulders 
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[13]. However, control of the wheelchair is made more complex by replacing the standard hand 
rims with more complicated brakes and levers.  Additionally, the look, appearance and size were 
ranked poorly [12]. These negative attributes tend to reduce user selection when making a 
purchasing decision and may explain why lever wheelchairs have not reached widespread 
popularity. 
There is growing evidence that gear-shifting may be a lightweight, and intuitively usable way to 
address shoulder pain and difficulty pushing a wheelchair.  One of the first studies on this topic 
was a five month clinical trial of a 2-speed manually shifted wheelchair wheels (gear ratios 1:1 
and 2:1),  (Magic Wheels, Inc.; Seattle, Washington). In this study, participants experienced a 
significant reduction in the severity of shoulder pain [14]. Additionally, studies using 
electromyography found that when propelling a wheelchair up a ramp, gear shifting can reduce 
the muscle activation of the shoulders [15] and significantly reduce muscle activation levels of 
the trunk muscles [16].  These results are very interesting because they suggest that particularly 
those with reduced trunk function or a higher spinal cord injury might be able to benefit from a 
geared wheelchair.  However, the ergonomic design of the shifter is such that many mWCUs 
with higher spinal cord injuries cannot use this device because of reduced hand dexterity. 
Another limitation of this device is that the user must stop before shifting into the low gear to 
climb an incline, thus losing any energy stored as momentum.  The requirement for manual 
shifting further limits the number of people who can benefit from this device since users have to 
be cognizant of when to shift.    
In order to address these weaknesses and build on the strengths of gear-shifting, we developed a 
3-speed automatic gear-shifting system (AGS) for manually propelled wheelchairs.  The AGS is 
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packaged as a set of two wheels and onboard electronics which shift the gears.  Much like the 
Magic Wheels’ 2-speed manual gear-shifting product (gear ratios of 2:1 and 1:1), the AGS 
features a low gear for climbing hills or traversing compliant surfaces such as grass and carpet 
(ratio 1.4:1), as well as a direct-drive gear for everyday activities (ratio 1:1); therefore, it may 
provide similar reduction in shoulder pain found by Finely et al. [14].  An extra high gear allows 
an AGS user to propel at high speeds in a more ergonomic way (ratio 1:1.4). The key advantage 
of the AGS is that it uses an automatic transmission rather than manual gear-shifting.  These 
features allow (i) shifting on the fly, (ii) use by individuals with limited hand dexterity, and/or 
(iii) use by individuals with cognitive deficits; however all levels of mWCUs can use or benefit 
from the gear shifting device.  
This study focuses on evaluating the AGS’s usability by assessing wheelchair user perception of 
the AGS ability to reduce the effort of propelling a wheelchair.  In addition, this study also 
documented changes in wheelchair propulsion metrics including task completion time, number 
of pushes, and push frequency.   
3.2. METHODS 
3.2.1. AGS Device Description 
A prototype of the first AGS (Figure 3.1) was designed and constructed by the authors.  See [17] 
for a detailed description of the design. The AGS prototype was mounted on an ultra-light 
wheelchair frame (Quickie TI, Sunrise Medical; Fresno, California).  Each wheel features a 
custom-designed 3-speed transmission (ratios 1.4:1, 1:1, and 1:1.4) located in the hub.  The input 
for the transmission connects to the hand rim (Aluminum Anodized Wheelchair Handrims, 
Sportaid; Loganville, Georgia), and the output connects to the wheel rim (Sun Metal 25” Double 
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Wall, Buchanan’s Spoke & Rim, Inc.; Azusa, California).  Thus, when not in direct-drive gear 
(i.e., first or third gear), the hand rim and wheel rim will move at different rates. Similar to 
traditional single-speed designs, each wheel can be independently propelled by the user to allow 
for turning and backward propulsion.  In total, the AGS prototype, including electronics, adds 
4.5 kg (10 lbs) to the weight of a wheelchair when compared to standard wire-spoke wheels. 
Custom software running on a micro-controller (ATmega328, Atmel, Corp.; San Jose, 
California) is able to select a gear based on the speed of the wheelchair.  When stopped, the AGS  
always starts from first gear.  As the user speeds up and exceeds a given threshold, the 
transmission shifts up to second gear, and subsequently to third as speed increases even more. As 
the user slows, the transmission shifts down. Optionally, the user can also put the transmission 
into manual mode where the gear is selected by the user. 
3.2.2 AGS Usability Testing 
3.2.2.1 Subject Demographics 
Eleven fulltime manual wheelchair users (5 women, 6 men, mean age 34 years, standard 
deviation 14 years) were recruited from the local community.  Participants in this study had a 
variety of reasons for wheelchair use including spina bifida, cerebral palsy (CP), post-polio 
paraplegia, and spinal cord injury (SCI).  Participant information is displayed in Figure 3.4.  
3.2.2.2 Experimental protocol  
Participants were asked to complete 10 tasks of daily living (Table 3.1) while using the AGS 
equipped wheelchair.  These tasks were selected to simulate tasks that a wheelchair user would 
encounter on a day-to-day basis.  Tasks 4, 5, 6, 7, and 10 were performed once, and the other 
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tasks were repeated 3 times. The experimental protocol was approved by the university’s 
institutional review board, and all participants provided informed consent. 
In order to compare the features of the AGS to a standard direct-drive 1:1 configuration, the 
participants repeated each task with the following gearing configurations: (a) AGS locked in 
second gear (1:1 gear ratio) – simulating standard wheelchair wheels; and (b) AGS either in 
automatic mode or locked in first gear (1.4:1 gear ratio). Participants used the prototype 
wheelchair for all tasks and did not change wheelchairs between configurations to remove the 
effects of seating differences, which are undesirable in the comparison of wheelchair wheels. 
Presentation of configurations was randomized between participants. Presentation was in the 
same order within a participant for a given task, i.e., a participant completed one task using a 
gearing condition and then repeated the task in the other condition. Participants were instructed 
to push at their comfortable speed throughout the experiment.  
In this experiment, participants were only allowed to put the AGS in automatic mode in very 
controlled situations.  Due to the early-stage nature of the prototype, there was a chance that the 
automatic gear-change could happen in the middle of the push phase of the push cycle, which 
could cause the wheelchair user to lose balance and possible fall out of the chair.  Therefore, 
automatic gear-shifting mode was only used in tasks which were deemed appropriate and safe 
enough to use it (tasks 3 and 9).   
In order to quantify a usability advantage or disadvantage of the AGS versus a standard 
wheelchair design, we evaluated the perception of effort when using the two configurations.  For 
each task and each gearing configuration, participants were asked to indicate their Rated 
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Perceived Exertion (RPE) on a Borg RPE Scale (Figure 3.2). The Borg RPE scale consists of a 
6-20 numerical scale in which each increment indicates an increase in perceived exertion [18], 
and it has been verified many times and become widely accepted [19]. 
Completion time, number of pushes, and push frequency were recorded as additional measures 
of usability.  To make certain that the participant was at steady state by the beginning and 
through the end of certain tasks, the participant was asked to propel an additional run up distance 
at the beginning and end of tasks 1, 2, and 10 (5 feet), and tasks 3 and 9 (10 feet) (Figure 3.3). 
When the user was coasting down a ramp (tasks 5 and 7), the number of pushes was not recorded 
because most wheelchair users adopt a strategy where there is no discernable push. When the 
wheelchair user was pushing over a doorway threshold (task 8), the number of pushes and time 
was not recorded because the task was too short to measure reliably. 
3.2.2.3 Data Analysis 
In order to quantify the perceived advantage or disadvantage of the AGS compared to a standard 
direct-drive configuration, we established a measure of “change in RPE” (ΔRPE), which is the 
RPE for the AGS condition subtracted from the RPE for the standard configuration.  In this case, 
positive ΔRPE means that the participant perceived the AGS to be easier than the standard 
configuration.  ΔRPE effects were studied with respect to task, participant, and level of trunk 
control. Participants were classified as having more trunk control if they have a spinal cord 
injury of L1 or lower, CP, spina bifida, or post-polio paraplegia.  Participants were classified as 
having less trunk control if they have a spinal cord injury of T12 or above. 
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In order to quantify the temporal changes when using the AGS, we established a measure of 
“percent change in time to complete a task” (%Δt), “percent change in number of pushes to 
complete task” (%ΔnP), and “percent change in push frequency” (%Δf).  Push frequency was 
calculated by dividing the number of pushes by the amount of time that it took to complete a 
given task.  All three are measured as a percent increase in time, number of pushes, or frequency 
for the AGS condition from the standard single speed configuration. In this case, positive values 
mean that the participant completed the task slower, with more pushes, or at a higher push 
frequency in the AGS. 
3.2.2.4 Statistical Analysis 
We preformed sample t-tests to determine if ΔRPE, %Δt, %ΔnP, and %Δf were significantly 
different than zero for each task. In order to analyze the effect of trunk control on perception, a 
mixed model ANOVA was performed with task as the within subject factor (10) and level of 
trunk control (2) as the within group factor.  Significance was set at p < 0.05. 
3.3. RESULTS 
Nine out of 11 participants rated the AGS as easier to use for at least one task, and four 
participants rated the AGS as easier to use for more than half of the tasks (Figure 3.4). Five or 
more participants found the AGS to be easier for tasks that required high forces (tasks 1, 2, 4, 6, 
8, 10) (Figure 3.5). For tasks which required minimal force (tasks 3, 9), the AGS had a lesser 
effect on ΔRPE with only 3 and 4 subjects rating the AGS as easier for these tasks respectively. 
Three participants felt that the AGS was easier to use while going downhill (tasks 5, 7).  When 
ΔRPE was averaged across all participants, it was found that all tasks except for propelling down 
a flat hallway (task 3) had a positive ΔRPE.  ΔRPE was found to be significantly greater than 
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zero when propelling up a steep ramp (task 4; p = 0.019) and propelling across an uneven 
doorway threshold (task 8; p = 0.022).  
Interesting differences appear when we separate the participants by trunk control (Figure 3.6). 
Participants with less trunk control reported significantly higher ΔRPEs than those with greater 
trunk control while going through a flat hallway (task 3; p = 0.045), doorway threshold, (task 8; 
p = 0.025), and grass (task 10; p = 0.012).  There was a trend for pushing on a sidewalk to be 
significant, but traditional level of significance was not reached (task 9; p = 0.052). When all 
tasks were considered together, those with less trunk control still reported significantly higher 
ΔRPE values than those with greater trunk control (p = 0.043). 
The temporal measurements showed interesting results as well (Figure 3.7).  For all of the tasks 
which measured time and number of pushes to complete, there were significant increases in 
completion time (%Δt) and number of pushes (%ΔnP) when using the AGS with the exception of 
tasks 3, 7, and 9.  Tasks 3 and 9 were the sidewalk and hallway, and there was little change in 
time or number of pushes between gearing configurations.  Task 7 (down a slight ramp) showed 
a large increase in time, though large standard error negated statistically significant differences.  
Although completion time and number of pushes resulted in large changes with the AGS 
condition, push frequency had insignificant changes for each task. 
3.4. DISCUSSION 
Just like shifting gears on a bicycle, multiple gears on a manual wheelchair can make it easier to 
complete many tasks of daily living. The authors have developed a 3-speed automatic gear-
shifting (AGS) system for manually propelled wheelchairs. The AGS has three speeds – first 
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gear: for ascending slopes or traversing compliant surfaces, second gear: traditional direct-drive 
for everyday situations, and third gear: for increased ergonomics for fast propulsion. According 
to evaluations of a previous geared wheelchair, gearing can significantly reduce shoulder pain in 
wheelchair users [14], reduce the muscle activation of the shoulders [15], and significantly 
reduce the activation levels of the trunk muscles [16].  With these promising findings, it could be 
hypothesized that the AGS would have similar benefits.  In the current design, the first gear of 
the AGS has a 1.4:1 gear ratio which mathematically requires 29% less force, and less force used 
to push the wheelchair correlates with lower incidences of shoulder pain [3].  Although we could 
not directly measure the amount of force or long term level of shoulder pain, we were able to 
quantify the perceived level of exertion while using the AGS and compare that to a standard 1:1 
configuration.  While it is acknowledged that the perception of reduced effort does not prove a 
reduction in effort, it may provide justification for further development and evaluation of the 
AGS.  
The AGS received many positive reviews from the 11 participants. Nine rated the AGS as easier 
to use for at least one task, and four rated the AGS as easier to user for more than half of the 
tasks (Figure 3.4).  In general, these results suggest that the participants would be able to benefit 
from the AGS for some propulsion tasks during daily life. We note that for the tasks which users 
rated the AGS configuration indifferently or negatively, there exists an alternate solution. The 
AGS provides users with the option to manually override the automatic transmission at any time. 
In this way, users can effectively return the AGS into a traditional direct-drive wheelchair for 
any task for which they do not wish to have assistance.  Therefore the AGS will not interfere 
when a user does not want it, but the user can still benefit from the AGS during tasks that it may 
be better suited for, such as climbing slops, crossing doorway thresholds, and propelling across 
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compliant surfaces.  Following this logic, it is likely that the nine subjects who rated the AGS 
configuration as easier one or more task could benefit from the AGS in daily life. 
From task to task, the perception of exertion for the AGS varied greatly.  The AGS appeared to 
be most beneficial for the tasks requiring high force (tasks 1, 2, 4, 6, 8, 10) since five or more 
participants found the AGS to be easier for these tasks (Figure 3.5). Furthermore, three of these 
high force tasks had a ΔRPE significantly greater than zero (tasks 4, 8, 10). It is likely that the 
ability of the AGS to reduce the amount of propulsion force required is what causes this 
perceived advantage.  In a similar rational, propulsion tasks which require a lower amount of 
force were rated positively by fewer participants (task 3, three participants; task 9, four 
participants) and no significant changes in ΔRPE. Those participants that rated the AGS 
favorably in these tasks had reduced functional control, such that the AGS advantage of reduced 
required force was helpful; whereas the higher functioning participants found little value-added 
with the lower gear (Figure 3.6).  These findings suggest that the AGS is advantageous for all 
users during high force tasks like going up hills, propelling over high-pile carpet, and moving 
over grass; and more advantageous for users with reduced trunk function during any task.   
The theorized greater advantage for those with reduced trunk control receives more support with 
the mixed model ANOVA.  Participants with less trunk control rated the AGS with significantly 
greater ΔRPEs than those with more trunk control (Figure 3.6).  These results suggest that a 
geared wheelchair may be more effective for individuals with less trunk control.  Indeed, 
Howarth et al. found that significantly less trunk muscle activation was required when a gear 
shifting system was used to propel up a slope [16]. Therefore, those with less trunk control may 
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benefit more from the AGS; whereas individuals with more trunk control may be more likely to 
view the gearing as an unnecessary addition.  
Moving down a hill can be a difficult and somewhat risky activity for some wheelchair users 
because it requires a large amount of control and breaking force from the user’s hands.  
Depending on the level of spinal cord injury, the user might have reduced grip strength to 
squeeze the hand rims and provide a braking force. Three subjects rated the geared configuration 
as less exertion on downhill tasks (tasks 5 and 7) (Figure 3.5).  In this case, it is likely that lower 
forces required in first gear may make the AGS easier to control when coasting downhill, which 
is desirable for some WCUs.  
Reduction in force due to a lower gear comes with an inherent tradeoff.  Gears only conserve 
energy and cannot create energy; so a reduction in required force will also include a reduction in 
wheel speed (increase in time and number of pushes to complete a task) or a higher hand rim 
speed (increase in push frequency).  While using the AGS, most of the tasks had significant 
increases in time and number of pushes, but none had a significant increase in push frequency 
(Figure 3.6).  Thus, the AGS first gear seems to be encouraging the wheelchair user to slow 
down rather than increase push frequency. It has been shown that lower push frequencies are 
generally more efficient [20], and freely chosen frequencies are often the most efficient [21, 22].  
Since there was no significant change in the push frequency when switching from the a standard 
1:1 gear ratio to the 1:1.4 gear ratio, a reduction in force may have been gained while the optimal 
freely-chosen push frequency was maintained. 
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Perception of effort is inherently subjective, and therefore not all subjects may consider the 
reduction in force to be an advantage.  Some individuals may perceive an increased time and 
number of pushes as a justification for increased exertion.   These changes in behavior might 
explain the higher rates of perceived exertion (negative ΔRPE values) among individuals with 
more trunk control (Figure 3.4). User perception, especially for higher functioning users, may 
change with future designs that may allow for user-specific shifting thresholds or the use of 
manual override. Consider the situation with bicycles; today most bicycle riders choose a multi-
speed vehicle over a single-speed design. Hopefully in the future, similar options will be 
available to manual wheelchair users.  
3.4.1. Future Work and Limitations 
The current study had a number of limitations; many of which can be addressed in future 
redesigns of the AGS.  This prototype had a gearing system with approximately 2 degrees of 
backlash, which was the amount of play between the hand rim and the wheel.  This backlash was 
noticed by many of the participants and may have resulted in increased ratings of perceived 
exertion from the wheelchair users.  This issue can be easily resolved in a design revision by 
using tighter tolerances and gears with a smaller pitch size.  
The comfort and fit of a wheelchair is very important for ease of use [23].  In this study, the AGS 
was attached to a wheelchair frame, which was correctly fit for a minority of the participants.  
Some of the participants commented on this inappropriate fit during the testing.  Future plans are 
for the AGS to be designed to have quick-release wheels, which can fit on most manual 
wheelchair frames.  In this way, a wheelchair user can keep the custom fit of his or her own 
wheelchair frame and gain the advantage of gear shifting. 
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This study was able to analyze the perception of reduced exertion, but not the level of required 
force.  Future studies should measure the kinematics and kinetics of standard wheelchair 
propulsion versus AGS propulsion.  Additional longer term testing should examine the effect of 
the AGS transmission on shoulder pain, quality of life, physical fitness, and energy expenditure.  
3.5. CONCLUSION 
In this study, a prototype automatic gear-shifting system (AGS) for manual wheelchairs was 
evaluated in activities of daily living.  Perceived exertion was studied by having participants rate 
their level of perceived exertion with the AGS in geared condition or direct-drive condition, 
which simulated a standard configuration for the wheelchair.  Nine out of 11 participants rated 
the AGS as easier to use for at least one activity of daily living and four participants rated the 
AGS as easier for more than half of the activities.  Although the low gear increased the time and 
number of pushes to complete a task, the AGS did not significantly increase the push frequency 
of wheelchair propulsion, which suggests that the design encourages optimal propulsion 
strategies. Because of these results, gear shifting in manual wheelchairs continues to look like a 
promising way to provide a light-weight, intuitive, and easy to use method of propelling a 
wheelchair.  The ability to select gearing assistance should be appealing to many users who value 
choice, and the automatic gear shifting should be very beneficial to many who lack the hand 
dexterity or cognitive ability to manually shift gears.  With further refinement, the AGS may 
provide enhanced mobility options for wheelchair users. 
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3.6. FIGURES 
 
Figure 3.1: First prototype of the automatic gear-shifting system for manual wheelchairs 
 
 
 
 
 
Figure 3.2: The Borg Scale on which a participant rates his/her RPE for a given task. In this study, a positive 
ΔRPE indicates that the participant perceived the AGS as easier.  
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Figure 3.3: To make certain that the participant reached steady state before the timer was started, a run up 
distance was added to the beginning and end of tasks 1, 2, and 10 (5 feet), and tasks 3 and 9 (10 feet). 
 
 
 
 
Figure 3.4: Number of tasks with RPE scores favoring AGS for each participant. Positive numbers on these 
measures indicate that the participant perceived the geared condition as easier than the standard condition. 
Demographic information on each subject is included (age, sex, reason for using a wheelchair). 
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Figure 3.5: Effect of each task on the ΔRPE.  Data were averaged across all participants.  Error bars report 
standard error.  Positive numbers indicate that participants perceived geared condition as easier than 
standard condition.  * t-test found ΔRPE to be significantly greater than zero (p < 0.05). 
 
 
 
 
Figure 3.6: Analysis of trunk control on ΔRPE for each task.  More trunk control is defined as a spinal cord 
injury L1 or lower as well as CP, spina bifida, and post-polio-paraplegia.  Data were averaged over all 
subjects of each demographic.  Error bars report standard error.  *Mixed model ANOVA found task to be 
significantly different between demographics (p < 0.05).  
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Figure 3.7: Effect of task on percent change in completion time (%Δt), number of pushes (%ΔnP), and push 
frequency (%Δf).  Data were averaged across subjects.  Error bars report standard error.  Positive numbers 
indicate that the AGS configuration required more pushes, more time, and higher frequencies to complete 
each task. *t-test found parameter to be significantly greater than zero (p < 0.05). 
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3.7. TABLES 
Table 3.1: List of tasks performed in usability test.  The participant was asked to complete each task once 
with the AGS in 2
nd
 gear (1:1 gear ratio) and then once again in the gear listed in the “AGS Gear” column.  
Presentation of configurations was randomized between participants. 
# Task AGS Gear 
# Times 
Repeated 
Distance 
(ft) 
Run up 
Distance (ft) 
1 High Pile Carpet 1st Gear 3 50 5 
2 Low Pile Carpet 1st Gear 3 50 5 
3 Flat Hallway Automatic 3 50 10 
4 Up a Steep Ramp (1:8 rise to run) 1st Gear 1 17 0 
5 Down a Steep Ramp (1:8 rise to run) 1st Gear 1 17 0 
6 Up a Slight Ramp (1:19 rise to run) 1st Gear 1 15 0 
7 Down a Slight Ramp (1:19 rise to run) 1st Gear 1 15 0 
8 Doorway Threshold 1st Gear 3 0 0 
9 Sidewalk Automatic 3 50 10 
10 Grass 1st Gear 1 50 5 
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CHAPTER 4: CONCLUSION 
4.1. REVIEW OF FINDINGS 
It is clear from the literature review in chapter 1that there is a great need for more research to 
make wheelchairs safer, more effective, and more widely available [1, 2, 3].  The need for 
development is made more pressing by the findings that up to 70% of all manual wheelchair 
users experience shoulder pain in their daily lives [4, 5, 6]. 
Many wheelchair designs have made an attempt to contribute to the solution for this problem.  
Ultralight wheelchairs have been shown to reduce energy consumption [7], and add favorable 
adjustability and customizability [8].  Powered wheelchairs are a one-size fits all way to 
completely take away the strain from the shoulders, but they are expensive, heavy, require 
special vans and lifts, have limited use duration due to battery life, provide little flexibility for 
persons who are capable of manually propelling their own chair, and contribute to reduced 
physical fitness due to limited upper body movement [9].  Push-rim activated power assist 
wheelchairs (PAPAWs) have been shown to be ergonomic [10], cause reduced heart rate, 
reduced perceived exertion, and reduced rate of VO2 consumption [11, 12], and reduce 
electromyographic muscle activity in the shoulders [13].  However, these devices weigh as much 
as 24 kg in addition to the weight of the wheelchair [11], which can make it more difficult to 
maneuver and use in the real world.   Lever wheelchairs have been shown to reduce muscle 
activation [14], and reduce energy consumption [15, 16].  However, they have received negative 
reviews from wheelchair users in terms of size, adaptability, appearance, and crossing obstacles 
[17], which is likely to contribute to the reason that they have not reached widespread popularity. 
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Gear shifting wheelchairs seem to be a new light-weight, intuitive, and easy to propel design for 
manual wheelchairs.  They have been found to reduce muscle activity in the shoulders [18], and 
trunk muscles [19].  Most importantly, they have been found to significantly reduce the severity 
of shoulder pain [20].   The work highlighted in this thesis was to develop and evaluate a three 
speed automatic gear-shifting (AGS) system for a manual wheelchair.  In this way a wheelchair 
user could benefit from gear shifting without the required dexterity or thought process required 
to manually shift gears. 
Chapter 2 described the first AGS prototype and reliability testing. The AGS prototype was 
successfully constructed and tested from the dates 12/16/2010 to 10/28/2011.   Many designed 
features did not survive to the conclusion of this test including batteries, slip rings, torque 
sensors, various mechanical components inside the gear shifting hub, and the quick release 
system.  However many of them were redesigned and remanufactured in order to continue 
testing.  This testing resulted in experiments which showed that battery life should last 
approximately 3 days before need to recharge, though it could be increase to 37 days with more 
engineering effort.  Additionally, we found that 60.2% of all gear shifts were fast enough to not 
cause difficulty for any wheelchair users, but an average shift time of 301ms should be fast 
enough for most.  From these results, it is clear we have created a design which can be modified 
easily to create a product worthy of millions of manual wheelchair users. 
As presented in chapter 3, we studied the usability of the AGS. Nine out of 11 subjects perceived 
the AGS as easier to use for at least one task of daily living, and four out of 11 subjects 
perceived the AGS as easier to user for more than half of the tasks of daily living.  Though age 
did not appear to have a large effect on the perception of effort, those with lower amounts of 
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trunk control seamed to perceive the AGS as easier to use.  These data on perception show 
promising results which can help to guide future development of the AGS so that it can one day 
be used on a much broader scale. 
4.2. FUTURE WORK AND DIRECTION 
Although the AGS prototype performed well in the testing and evaluation period, there is much 
to be done to turn this into a product that can reach widespread popularity and benefit the 
millions of manual wheelchair users in this country and around the world.  This future work can 
be broken down into design and evaluation. 
 The form and fit of a personal wheelchair is very important, so it is imperative that the AGS is 
something that could be retrofit to any wheelchair frame.  In this way, it is clear that the quick 
release mechanism must be redesigned to survive standard operating conditions and more severe 
environments.  In addition, the AGS requires a second axle to prevent the first axle from rotating.  
This was accomplished with custom brackets on the prototype wheelchair, but production 
versions of the AGS are in need of a standard bracket that can adapt to any wheelchair frame.  
Completion of this work will make it so many more wheelchair users can benefit from the AGS. 
Even though the battery is capable of having an impressive lifetime of 3 to 37 days, it is still 
important to consider the way that a wheelchair user thinks of this product.  The AGS is an 
adaptation of a manual wheelchair which traditionally has no battery whatsoever.  In this way, it 
would be advantageous if the AGS recharged its battery from the movement of the wheelchair.  
In this way, the wheelchair user will be able to completely forget about the fact that AGS has a 
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battery.  This pushes the perception of the AGS one step closer to an easier to push wheelchair 
wheel with little to no differences from a standard wheelchair. 
The reliability of the torque sensors is imperative for the success of the AGS.  This is required 
both for an intelligent shifter, and so that the AGS does not shift gears while the user is pushing.  
This second requirement is an issue of safety and holds extra importance so that the wheelchair 
user does not loose balance while pushing the wheelchair.  By combining more reliable data 
transmission techniques like wireless transmission with higher fidelity measurement devices like 
strain gages and load cells, the AGS controller can have a reliable torque signal that enhances the 
user experience significantly. 
In addition to the tangible issues with the AGS prototype, a great deal of thought needs to be put 
into the overall layout of the AGS.  For example, the layout of the AGS is a gear-shifting 
wheelchair that automatically selects the best gear for any situation.  However, this was the 
correct gear for about half of the wheelchair users in the usability study, and it was the wrong 
gear for the other half.  So for the other half, it is possible that the answer is not a one-size-fits-all 
solution, but rather a choice.  For this group, the emphasis should be put on providing mobility 
options.  This means that a manual gear-shifting version of the AGS could be an appealing 
product.  In order to improve on existing manual gear shifting designs, emphasis should be 
placed in making it so that it can shift on the fly and without the need of enhanced dexterity.  
This is not to say that the concept of automatic gear-shifting is useless.  In fact, automaticity 
makes it usable by a much broader base.  But, for a large population of young and active 
wheelchair users, simplicity is the key.  That comes in the form elegant, simple, and intuitive to 
use devices. 
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In any new device that is created, it is important to evaluate it thoroughly to make certain that it 
can benefit those who will use it in a meaningful way.  This should be done with a combination 
of qualitative and quantitative studies. Firstly, the muscle activation and the VO2 consumption 
would be beneficial to investigate on wheelchair users utilizing a redesigned AGS on their own 
wheelchairs.  Additionally, it is necessary to create a longer term study in which the wheelchair 
users use the AGS while monitoring their levels of shoulder pain and perceived effort.  Finally, 
there should be a study which tests the overall usability of the AGS in the home, community and 
workplace.   Combined with analysis of the structural reliability of the design, these studies will 
help decide whether the AGS is a product that can benefit wheelchair users in a meaningful way. 
The AGS is a step in the right direction of light-weight, easy to propel wheelchair design.  With 
more development and evaluation, the AGS and devices derived from it could become the new 
standard in wheelchairs.  
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APENDIX A: USABILITY DATA 
Table A.1: Extended participant information. 
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1 f 28 CP 64 112 15 CP 17 4 right 
2 f 21 Spina Bifida 55 100 21 Spina Bifida 8 5 none 
3 m 41 
SCI Mid T4 
(complete) 69 120 25 
SCI Mid T4 
(complete) 17 4 none 
4 m 22 SCI Mid T4/5 76 215 5 SCI Mid T4/5 16 5.5 none 
5 m 18 
SCI High C2 
(incomplete) 70 130 6 
SCI High C2 
(incomplete) 12 7 none 
6 f 20 
SCI Low L1 
(incomplete) 60 100 17 
SCI Low L1 
(incomplete) 12 5 left 
7 f 31 
SCI Mid T8/9 
(complete) 65 90 16 
SCI Mid T8/9 
(complete) 14 0 both 
8 f 49 Spina Bifida 57 120 40 Spina Bifida 16 n/a left 
9 m 40 SCI Mid T10/11 64 140 3.5 SCI Mid T10/11 12 5 none 
10 m 44 
SCI Mid T12 
(incomplete) 59 165 20 
SCI Mid T12 
(incomplete) 12 4 none 
11  m 63 
Post-Polio 
Paraplegia 67 215 43 
Post-Polio 
Paraplegia 16 1 both 
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Table A.2: Raw Rated Perceived Exertion (RPE), time to complete each task (Time in seconds), number of 
pushes to complete each task (Pushes) while using the standard wheelchair configuration (SW) and 
Automatic Gear-shifting System configuration (AGS).  For any additional information on the tasks, please see 
Table 3.1. 
Task 1 - High Pile Carpet 
  RPE Time Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
1 8 8 
3
.4
1 
6
.3
4 
5 
7
.6
7 
I tend to push with the rim 
and the wheel on my right 
side so this was different. I 
was also in a different sitting 
position than my chair and 
felt like I couldn't push as 
hard or have same leverage 
as I do in my chair 
there is an arrow from aGS to 
normal, I think it meant the 
times were in the wrong 
heading.. So I switched them 
here. 
2 6 9 
4
.4
6 
5
.1
7 
4
.3
3 
5
.6
7 
I feel a little funny when 
pushing the chair 
wheelchair is not set up for 
her, very large 
3 9 8 
3
.1
4 
4
.3
2 
5
.3
3 
6 
slippage of push rime while 
pushing. Altered stroke 
because of sitting installation   
4 
1
2 
1
1 
3
.5
8 
4
.6
7 
3
.6
7 
5 
still mildly resistant on the 
GSW but there is definitely a 
noted difference between 
the SW. SW allows more 
power but is somewhat more 
difficult   
5 
1
5 
8 
3
.6
4 
4
.5
1 
5 
6
.6
7 
Loosness in the rims (slop) 
and maybe first gear is too 
easy   
6 
1
3 
1
3 
2
.1
8 
2
.6
3 
6
.5 
5 
IT is difficult to push with the 
loose hand rims. Also, 
because the chair is not a 
good fit it is hard to compare 
to my chair 
wheelchair doesn’t fit her 
well, her feet dangle 
7 
1
0 
1
4 
3
.6
2 
5
.3
6 
4
.6
7 
6 
wheels too wide, movement 
of hand bar affects easibility 
of maneuvering chair is not set up for her 
8 
1
4 
1
5 
4
.3
4 
5
.8
8 
4
.6
6 
7 I think the grip might be 
causing a difference   
9 
1
4 
1
1 
4
.8
4 
6
.1
0 
4
.7 
5
.3 
notice some slop in the 
handrim   
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Table A.2 (cont.) 
1
0 
1
4 
8 
5
.3
2 
8
.4
6 
5 6 
across the deep carpet the 
chair move very freely in first 
gear, making the operation 
easier on the user   
1
1 
1
5 
1
6 
5
.2
2 
5
.8
9 
5 6 
Felt harder because no glide.  
Had to use more strokes 
uses gloves for help, says, 
use carpet tape under the 
carpet. He didn't like the fact 
that it doesn't glide as much 
in 1st gear. 
  
Task 2 - Low Pile Carpet 
  RPE Time Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
1 7 8 
3
.2
4 
6
.0
0 
4
.6
7 
6
.6
7 
low pile capet feels less 
resstant than high   
2 6 8 
4
.5
6 
5
.1
5 
4
.6
7 
6 
  
is the padding the same 
under both carpets? 
3 9 8 
3
.1
2 
3
.9
1 
7
.3
3 
5
.6
7 
slippage of push rime while 
pushing. Altered stroke 
because of sitting installation   
4 
1
2 
1
0 
4
.7
3 
4
.3
8 
5 
4
.6
7 
the low impact of the GSW in 
first gear made pushing 
easier but also took longer to 
complete exercise. GSW 
harder to push but more 
powerful- good standard 
chair   
5 
1
4 
7 
3
.5
7 
4
.3
8 
4 6 
    
6 
1
2 
1
3 
2
.0
9 
2
.6
3 
4 5 
When in gear shifting mode 
it is difficult to push because 
the hand rims move so much 
and this affects my balance 
making it harder to get a 
good push   
7 8 
1
4 
3
.5
9 
5
.4
0 
5 
5
.3 same as above   
8 
1
3 
1
2 
4
.0
3 
5
.2
6 
5 
5
.3
3 
  
He though low pile carpet 
was actually harder because 
of something with the 
padding He said that he lost 
too much momentum that 
way 
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Table A.2 (cont.) 
9 
1
1 
1
0 
4
.5
3 
6
.1
5 
3
.6
6 
5
.3
3 
seem as if I loose momentum 
when using gear shifting on 
low pile carpet   
1
0 
1
4 
9 
5
.9
1 
6
.8
9 
5
.3
3 
5
.6
6 
I used less torque to move 
across the carpet   
1
1 
1
3 
1
5 
5
.0
6 
6
.1
9 
4
.7 
5
.7 
 
  
  
Task 3 - Flat Hallway 
  RPE Time Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
1 7 
1
0 
1
0
.83 
1
1
.57 
1
2 
1
3 
  
arrows here too, also 
appears she was in 3rd gear 
instead of automatic 
2 6 7 
1
2
.25 
1
1
.64 
1
1 
1
0
.33 
The hand rims feel weird 
when they move when it 
switches itself as you are 
moving it feels weird   
3 
1
0 
1
0 
8
.0
1 
7
.9
7 
9 
8
.3
3 
R wheel slipped during 
shifting from 1st to 2nd. 
Stroke different because of 
installation. In tanderd, Left 
rim slipped. Button got 
bumped when adjusting legs. 
had to re-start last trial in 
automatic b/c he hit 1st gear 
button on acciadent. 
Placement!! 
4 
1
2 
1
0 
8
.9
6 
8
.5
8 
8
.3
3 
8 
I really enjoyed the GSW. 
Going from 1st to 3rd gear 
definitely made a difference 
in speed vs. effort. Very nice. 
SW is nice but it lacks the 
speed out of the GSW.   
5 
1
1 
8 
1
2
.10 
1
0
.77 
1
2
.33 
1
0
.67 
like autmatic but feel it 
should start at a little higher 
gear   
6 
1
0 
1
1 
8
.5
8 
8
.8
1 
8
.6
7 
9
.6
7 
  
had to resdo trial 1- didn't 
shift. Class let out after tiral 
2, so had to pause longer. 
When chair shifts as she 
pushes she looses balance- 
BAD 
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Table A.2 (cont.) 
7 8 
1
0 
9
.2
3 
9
.0
1 
8
.6
7 
9
.3
3 
Once chair shifts into second 
gear, more necessary is 
much smoother, but it feels 
as though more strength is 
required   
8 7 
1
3 
1
0
.09 
1
0
.46 
1
0 
1
1
.33 
It wanted to slow me down 
when I didn't need or want it 
to.   
9 
1
3 
1
3 
1
1
.56 
1
1
.18 
8 8 
don't notice much difference 
made a comment that a 
constant cadence is 
important for your shoulder 
health 
1
0 
1
1 
8 
9
.2
5 
1
2
.72 
7
.3
3 
1
0
.66 
The chair was smooth in 
shfting once I got use to the 
slippage 
he said "put one aside for 
me!" 
1
1 
7 7 
1
2
.54 
1
2
.06 
1
0 
9
.3
3 
  
told him that he can go a 
little faster to get into 3rd 
gear.  He almost picked one 
easir, but it was a trade off 
because he liked 3rd but not 
1st gear. 
  
Task 4 - Up a Steep Ramp (1:8 rise to run) 
  RPE Time Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
1 
1
3 
1
0 
7
.5
7 
1
7
.88 
1
0 
1
8 
This felt awkward because of 
wher I was starting each 
push. The rim was sliding so I 
wasn't able to get a lot of 
propulsion. I think it would 
have been more effective if I 
were used to contacting the 
rim earlier arrows here too 
2 9 9 
5
.9
7 
7
.8
1 
7 9 It's a little harder than my 
normal everyday chair   
3 9 9 
8
.2
2 
9
.8
7 
9 
1
2 
slippate of gear shift in first, 
stroke different because of 
instillation. Manual slippate 
of rims. Overall note: had to 
learn balance in new chair   
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Table A.2 (cont.) 
4 
1
3 
9 
7
.9
7 
8
.7
5 
7 7 
GSW made incline very easy 
to work with. Definite 
advantage over normal SW 
in effort vs. output. Had to 
exert much more effort in 
order to get up hill in SW 
compared to GSW   
5 
1
7 
1
2 
7 
9
.3 
8 
1
1     
6 
1
4 
1
4 
4
.9 
5
.1 
7 8 
    
7 
1
2 
1
4 
9
.4
7 
1
1
.85 
9 
1
1 
Movement of hand bar made 
it more difficult   
8 
1
8 
1
4 
2
1
.3 
2
0
.4 
1
4 
1
6 
    
9 
1
6 
1
4 
8
.2
5 
1
1
.09 
8 
1
1 
harder to push up in 
standard, but maybe faster   
1
0 
1
6 
1
2 
7
.4
1 
2
0
.2 
8 
1
3 
    
1
1 
2
0 
1
9 
n
/a 
n
/a 
n
/a 
n
/a only went part of the way up   
  
Task 5 - Down a Steep Ramp (1:8 rise to run) 
  RPE Time Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
1 6 6 
3
.5
6 
4
.1
6 
n
/a 
n
/a   arrows here, confusing! 
2 6 6 
3
.9
6 
4
.1
3 
n
/a 
n
/a     
3 6 6 
4
.0
0 
4
.5
9 
n
/a 
n
/a 
heard grinding as was goig 
down. Manual smoother, but 
noticed Ihad to break more   
4 
1
1 
8 
3
.9
0 
4
.6
3 
n
/a 
n
/a 
GSW allowed good control in 
descent. Noted difference of 
control in GSW and SW. GSW 
allowed slower descent. I can 
dig it.   
5 8 6 
5
.1
6 
5
.2
2 
n
/a 
n
/a 
easier to hold going down in 
first gear   
6 6 6 
2
.5
3 
3
.1
9 
n
/a 
n
/a     
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Table A.2 (cont.) 
7 6 7 
3
.8
4 
5
.2
5 
n
/a 
n
/a 
The only real difference I 
noticed is the slight shifting 
of the hand bar which makes 
you feel out of control   
8 8 7 
4
.0
0 
4
.4
7 
n
/a 
n
/a 
I think that I feel I'm in 
control with the gear shifting   
9 7 7 
3
.4
7 
5
.6
3 
n
/a 
n
/a 
takes less effort to slow chair 
down (control speed) when 
in gear shifting 
It's easier to control his 
speed 
1
0 
7 7 
4
.6
5 
4
.9
4 
n
/a 
n
/a 
Pretty much the same very 
little variation   
1
1 
N
/A
 
N
/A
 
n
/a 
n
/a 
n
/a 
n
/a did not attempt   
  
Task 6 - Up a Slight Ramp (1:19 rise to run) 
  RPE Time Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
1 7 7 
3
.6
9 
7
.8
8 
6 8 
  
arrows here, and the left 
wheel spoke came undone 
2 6 7 
4
.7
8 
5
.6
6 
5 7 
    
3 7 7 
3
.9
7 
4
.5
9 
5 8 
slippate is a problem, 
definitely alter stroke and 
balance. More comfortable 
with added resistance, less 
slippate (in standard)   
4 
1
1 
8 
4
.8
1 
5
.9
1 
5 6 
 Nice control and effort vs 
output of GSW. Noticeably 
easier than SW. SW 
noticeably more difficult to 
push up ramp.   
5 
1
0 
7 
5
.1
6 
5
.5
0 
6 7 easier but not necessarily 
quicker   
6 8 9 
3
.0
9 
3
.5
0 
5 6 
    
7 
1
1 
1
2 
5
.5
9 
6
.7
2 
6 7 
same as above   
8 
1
3 
1
4 
7
.0
6 
7
.2
5 
7 8 It was definitely harder in 1st 
gear   
9 8 6 
4
.9
7 
6
.3
4 
5 6 less effort to push in gear 
shifting   
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Table A.2 (cont.) 
1
0 
1
1 
7 
6
.9
4 
9
.6
0 
6 9 I didn't have to lean when I 
moved up the ramp   
1
1 
1
1 
9 
8
.1
2 
9
.5
6 
7 9 
    
  
Task 7 - Down a Slight Ramp (1:19 rise to run) 
  RPE Time Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
1 6 6 
2
.1
3 
5
.6
0 
n
/a 
n
/a   arrows here 
2 6 6 
4
.3
8 
4
.0
3 
n
/a 
n
/a     
3 7 6 
3
.7
5 
5
.2
5 
n
/a 
n
/a 
almost had to take a push to 
get the momentum I am 
used to (pace) in 1st gear. 
The standard pace was 
better/ what I'm used to   
4 
1
1 
8 
4
.1
6 
6
.0
0 
n
/a 
n
/a 
very noticable "slowing 
down" system on Gsw 
propelled faster down ramp 
in SW than GSW   
5 7 6 
4
.3
1 
5
.2
2 
n
/a 
n
/a     
6 6 6 
3
.2
5 
4
.1
0 
n
/a 
n
/a     
7 6 7 
3
.3
4 
4
.4
5 
n
/a 
n
/a 
movement of bars adds to 
difficulty   
8 8 8 
4
.7
8 
4
.8
9 
n
/a 
n
/a 
I feel you have more control 
of wheelchair in 1st gear   
9 6 6 
4
.6
9 
5
.1
5 
n
/a 
n
/a 
slower more controlled 
speed when in gear shifting   
1
0 
7 7 
5
.4
3 
5
.5
3 
n
/a 
n
/a very easy   
1
1 
6 6 
4
.9
7 
4
.4
7 
n
/a 
n
/a     
  
Task 8 - Doorway Threshold 
  RPE Time Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
1 6 6 
n
/a 
n
/a 
n
/a 
n
/a   arrows here 
2 6 6 
n
/a 
n
/a 
n
/a 
n
/a     
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Table A.2 (cont.) 
3 6 6 
n
/a 
n
/a 
n
/a 
n
/a why did we do this? Twice?   
4 
1
0 
8 
n
/a 
n
/a 
n
/a 
n
/a 
very easy to push through 
door with GSW. SW was also 
easy to push through door.   
5 9 6 
n
/a 
n
/a 
n
/a 
n
/a 
like the ease of going over 
doorstep in firt gear. 
Definitely noticable   
6 8 8 
n
/a 
n
/a 
n
/a 
n
/a     
7 
1
0 
8 
n
/a 
n
/a 
n
/a 
n
/a 
level of difficulty when using 
chair vaires depending on 
many factors, not only 
weight.  However much 
lighter the chair feels when 
in gear shifting mode, it can 
at times feel more difficult 
based on movement of the 
bars as well as timing of its 
shifting gears. 
Important: she says that 1st 
feels much lighter, but it's 
more dificult to push 
because of the slop and 
whatnot 
8 
1
3 
1
1 
n
/a 
n
/a 
n
/a 
n
/a Definitely easier in 1st gear   
9 
1
2 
1
0 
n
/a 
n
/a 
n
/a 
n
/a 
easier to pop front up and 
over when in standard, but 
harder to push   
1
0 
1
2 
8 
n
/a 
n
/a 
n
/a 
n
/a 
lot easier to cross in gear 
mode   
1
1 
7 8 
n
/a 
n
/a 
n
/a 
n
/a     
  
Task 9 - Sidewalk 
  RPE 
Time 
(sec) 
N 
Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
1 8 8 
1
0
.90 
1
3
.97 
1
2
.67 
1
3
.33 
  
arrows here. Also, auto 
wasn't working so used 2nd. 
South is way easier (tilt in 
sidewalk) 
2 6 8 
1
0
.24 
9
.8
2 
1
0
.67 
9
.6
7 
It feels weird when it shifts 
as you move. Sometimes it 
feels like you are slipping 
automatic didn't work at firs, 
but recalibrated and it was 
ok 
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Table A.2 (cont.) 
3 
1
0 
1
0 
6
.7
4 
7
.8
9 
9
.6
7 
9
.3
3 
r rim slipped completely 
going from 2nd to 3rd. I was 
pushing a little harder with 
right hadn to compensate for 
grade/ tilt of sidewalk. 
Manual mode felt better. 
in automatic, shifting causes 
him to loose balance and he 
almost fell out of wheelchair. 
Very bad! 
4 
1
2 
1
0 
8
.5
7 
8
.1
5 
8
.6
7 
8
.3
3 
I really like the 3rd gear 
aspect of GSW- easier on 
concrete shifter was having 
provlems getting there 
though. SW was good but I 
like 3rd gear better 
shifting was hard with tilt in 
sidwalk, subj lost balance 
5 
1
1 
1
1 
1
0
.97 
9
.3
8 
1
2
.33 
1
1
.33 
felt same work out but more 
productive when I got to 
third gear 
chair slipped druing 2nd trial 
so we re-calibrated and re-
did the trail 
6 
1
0 
1
3 
5
.4
2 
6
.7
8 
8
.3
3 
8
.6
7 
When it shifts gears there is 
not any resistance and 
because of my lack of 
abdominal control I almost 
fell on my face. same issue- SCARY 
7 
1
0 
1
0 
9
.7
2 
9
.7
0 
1
1
.33 
1
0
.33 
chair moves more smoothly 
when in 3rd gear 
poky things got her, almost 
fell out too 
8 
1
3 
1
4 
1
0
.84 
1
1
.16 
1
2 
1
3
.33 
It slowed you down more 
even though there wasn't 
much of an incline on 
sidewalk   
9 
1
4 
1
3 
1
0
.83 
1
0
.57 
9
.3
3 
9 
harder to take off with 
standard, but once get going 
effort is about the same for 
both   
1
0 
1
4 
1
0 
9
.5
9 
1
1
.62 
8
.3
3 
1
0 
a lot less torque used from 
the upper arms   
1
1 
1
1 
1
0 
1
4
.23 
1
3
.39 
1
3 
1
2
.33 
  
since the one direction is 
uphill, the starting in first 
caused it to be easier there 
  
Task 10 - Grass 
  RPE Time Pushes     
Su
b
# 
SW
 
A
G
S 
SW
 
A
G
S 
SW
 
A
G
S Participant Comments Researcher Comments 
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Table A.2 (cont.) 
1 
1
1 
1
3 
2
3
.12 
4
2
.70 
2
6 
3
9 
Just felt really awkward. This 
was a place where I really 
wanted to push on both the 
wheel and the rim, but 
couldn’t because of the 
setup 
arrows, her right hand 
doesn't grasp well 
2 8 8 
1
9
.53 
2
3
.40 
1
9 
2
3 
It is hard because I don't feel 
as stable as I would in my 
own chair. In 1st gear it feesl 
really light. It's not harder 
just different.   
3 9 9 
1
2
.25 
1
6
.47 
1
6 
2
3 
grass run affected more of 
my balance and stroke. Liked 
the ease of 1st gear because 
the stroke felt more nomral 
and not held back. Fewer or 
more efficient stroeks in 
manual, but hadn to watch 
balance more.   
4 
1
2 
9 
1
6
.18 
2
0
.90 
1
4 
1
9 
good overall feel. Easier to 
push GSW but going is slow. 
SW needed more effort but 
speed was good.   
5 
1
7 
8 
1
6
.13 
1
7
.34 
1
8 
2
2 
1st gear is great on grass   
6 
1
5 
1
7 
9
.4
1 
2
0
.13 
1
3 
2
0 
the sharp edges on push rims 
hurt my hands 
sharp edges somewhere on 
rim hurt her 
7 
1
4 
1
2 
2
7
.18 
2
5
.09 
2
3 
2
7 
chair felt much ligher   
8 
1
8 
1
8 
4
2
.59 
3
8
.84 
3
0 
3
4 
I think 1st gear was helpful   
9 
1
4 
1
0 
2
7
.59 
3
1
.75 
2
4 
3
1 
much easier in gear shifting   
1
0 
1
8 
1
2 
2
7
.88 
2
9
.50 
2
4 
3
0 
Did not have to lean into 
movements   
1
1 
n
/a 
n
/a 
n
/a 
n
/a 
n
/a 
n
/a did not attempt   
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Table A.3: Once each subject finished each task, they were asked to answer 4 follow-up questions.  
Sub# Which wheelchair made it easiest to complete the tasks and why? 
1 
My own wheelchair was easier because I sit very differently in it than I was in the other. It 
felt like it made a big difference in my push mechanics 
2 Both were the same. It would take a lot of time to get used to 
3 
Very task dependent. With resistance (carpet/ramp_ 2st gear was easier bcause stroke felt 
easier. On regular pavement, manual 2nd was comfortable. My sanse is that a better fitting 
chair with less slippage would make the geared option much more superior to a regular 
manual. Really liked 3rd gear for long pushing around and maybe fitness? 
4 GSW was easier in that it allows the user to adapt with a changing environment. 
5 
Gear shifting made it easier to get through all tasks due to the lower gear. However, it 
wasn't always the optimimum choice in my opinion. 
6 
I would say the manual one because the rims did not move quite as much. My personal 
wheelchair was easier than either of the settings I used for the study. 
7 
This depends on which tasks I was completing - rough terrain was much easier in Gear 
shifting mode.  Bar movement affected other tasks. 
8 
It depended on the task.  Going down ramps, the gear shift made wheelcahir more 
manageable but going up that same chair was more difficult in the gear shifting 
9 
the gear shifting is easier and less effort to push on ramps, but covers less distance with each 
push 
10 Overall the gear shifting chair made the daily task a lot easier. 
11 Personal chair for the set up 
  
Sub# 
Did the gear shifting wheelchair make it easier to complete any of the tasks in particular?  
If so, which task and why? 
1 
I felt like pushing up the steep ramp was easier in terms of how hard I was pushing, but it 
was a bit awkward to push only on the rim. 
2 I feel it was all the same 
3 resistance and when I got up to speed, 3rd was nice. 
4 
the GSW made it easier to go up hill. This was due to the low gear making it easier to push 
with seemingly less resistance 
5 Grass because the lower gear made it so I didn't have to use as much of my core 
6 Not really, because it often made me loose my balance. 
7 Rough terrain was most affected. 
8 The ramps going down, grass was easier w/ gear shifting. 
9 
yes, going up the steeper ramp, if going a long distance on flat surface, the gear shifting 
would probably be easier once momentum is gained and up to higher gear 
10 Pritty much all, beside going down the ramp 
11 Yes - For Grades and Cross Grades 
  
Sub# 
Assuming that the gear shifting system could be installed on any manual wheelchair, 
would you prefer to use the gear shifting or a standard design for everyday use and why? 
1 
At this point, I prefer the standard design, don’t feel the difference was large enough to 
warrant getting a gear shift system 
2 Standard, I don't like the feel when it shifts when you push 
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Table A.3 (cont.) 
3 
for me it would depend on 3rd gear and a fitness component right now. Later, I would see 
using it (at the point where shoulder wear and tear is a concern. 
4 
I wouldn't mind it. I really enjoy the 3rd gear because of speed. The only drawback is the 
weight 
5 
I would use the gear shifting for the higher setting. I would rather have my chair have a 2 
and 3 setting. I feel the one would virtually never need to be used in my case 
6 Standard design because the shifting made it harder and the weight 
7 I would utilize both depending on the activity 
8 
I'm not sure.  It would depend on price.  If I had a choice to stay in manual and then switch 
to 1st when you came to ramps and grass. 
9 it would depend on environment/surroundings 
10 
I use the newer model areo z quickie and I love the design of the chair.  If I had my choice, I 
would use the wheels from the gear chair onto my own standard 
11 
Gear shifting in life there are no completely level surface, this then would increase personal 
activity and independence 
  
Sub# 
If the gear shifting system was sold as an add-on to your current wheelchair frame, how 
much would you consider paying for it (based on your own “out of pocket expense”)? 
1 K) no more than $500 
2 L) I would not consider buying it 
3 F) No more than $5,000 (w/ insurance) or J) No more than $1,000 (out of pocket) 
4 I) No more than $2,000 
5 I) No more than $2,000 
6 L) I would not consider buying it 
7 N/A 
8 I) No more than $2,000 
9 I) No more than $2,000 
10 J) No more than $1,000 
11 I) No more than $2,000 
 
